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ABSTRACT

EXPERIMENTAL STUDY OF PRESSURE AND HEATING RATE ON
A SWEPT CYLINDRICAL LEADING EDGE RESULTING FROM
SWEPT SHOCK WAVE INTERFERENCE. .

Christopher E. Glass..
Old Dominion University
Director: Dr. Robert L. Ash

An experimental study of the effects of leading edge sweep on surface
pressure and heat transfer rate for swept shock wave interference is
presented. This study was conducted as a cooperative agreement between
NASA Langley Research Center and Calspan-University of Butfalo Research
Center. Experimental tests were conducted in the Calspan 48-inch
Hypersonic Shock Tunnel at a nominal Mach number of 8, nominal unit
Reynolds number of 1.5 x 106 per foot, leading edge and incident shock
generator sweep angles of 0°, 15°, and 30°, and incident shock generator
angle-of-attack fixed at 12.5°. Detailed surface pressure and heat transfer rate
on the cylindrical leading edge of a swept shock wave interference model
were measured at the region of the maximum surface pressure and heat
transter rate.

The experimental study has shown that pressure and heat transfer rate on
the cylindrical leading edge of the shock wave interference model were

reduced as the sweep was increased over the range of tested parameters.
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Peak surface pressure and heat transfer rate_on the cylinder were aboqt 10
and 30 times the undisturbed flow stagnation point value, respectively, for the
0° sweep test. A comparison of the 15° and 30° swept results with the 0°
swept results showed that peak pressure was reduced about 13 percent and
44 percent, respectively, and peak.heat transfer rate was reduced about 7

percent and 27 percent, respectively.
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Chapter 1
INTRODUCTION
1.1 Background

At hypersonic speeds, shock waves can interact with a vehicle's surface
and cause intense local surface heating and mechanical loads with attendant
structural damage. The first in-flight example of the severity of shock wave
interference loads on structural components was observed during a test flight
of the X-15 research airplane [1-2]*. The purpose of the flight was to evaluate
handling characteristics for ;:pcoming flight tests of the Hypersonic Research
Engine (HRE), an axisymmetric ram-scramjet. A "dummy" ramjet replica of the
HRE was suspended from the X-15 ventral fin. During the Mach 6.7 flight, the
shock wave from the conical engine inlet spike intersected the pylon and
engine cowl bow shock waves. The resulting shock wave interference
patterns produced high speed flow which impinged on the pylon support and
engine cowl causing structural damage to both. The damage to the pylon
support caused premature separation of the dummy ramjet from the X-15

during its landing approach. Fortunately, the X-15 research airplane was not
damaged.

* Numbers in [ ] indicate references
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Originally, damage was attributed to increased pressure and heating rates
caused by vortex sheet impingement on the leading edges of the pylon
support and cowl [2]. However, Edney [3] theorized the increased loads
resulted from shock impingement heating which caused large temperature

TILSOES. B W.. . T]Y

gradients.in the narrow impingement regions.. The attendant thermal stresses.

from these gradients -and high temperatures probably caused_the structural

g failure [4]. His explanations have been supported by more recent work. :
Shock interference is also an important design consideration for space

transportation systems such as the space shuttle. During the supersonic-

< -5

hypersonic assent phase of a shuttle mission, shock wave interference occurs
in the channel between the shuttie vehicle and external fuel tank, and
between the solid rocket booster motors and external fuel tank [5-7].
Supporting struts, which are usually swept to the flow, are exposed to shock
wave interference similar to engine cowl! leading edges.

v The National Aero-Space Plane (X-30) will encounter shock interference

loading in several areas during hypersonic flight at speeds up to Mach 25.

»~

During a typical mission, thg most severe environment will occur on the | ‘

scramjet engine cowl leading edge as it is subjected to.the combined !

influences of.the inlet ramp shock waves and the vehicle bow.shock wave. i

Although the deleterious effects of some of the shock wave interferences may : :

be avoided, the vehicle bow shock wave, which will pass across the cow! ;

le ading edge at approximately Mach 16, cannot be avoided. The resulting : f
[

shock wave interference frem this condition is the so-called "shock-on-lip" [8].
Defiriticn of the interference flowfield and resulting surface loads at

hypersonic speeds, when high temperature effects are significant, is a
formidable challenge to the aerodynamicist.




The first experimental studies to define these surface loads on the X-30
vehicle were documented by Wieting, et al [9,10] and Holden, et &l [11,12].
These studies were conducted on a generic wedge-cylinder configuration in
the NASA Langley Research Center (LaRC) 8-foot High Temperature Tunnel
(8" HTT) and in the Calspan 48-inch and 96-inch Hypersonic Shock Tunnels
as a cooperative research program between NASA LaRC and Calspan-
University of Buffalo Research Center (CUBRC).  (CUBRC is a nonprofit
organization formed by Calspan Corporation. and State University of New
York at Buffalo.) The generic configuration produced two-dimensional shock
wave interference patterns representative of a cowl leading edge parallel to
an incoming incident shock wave. The most severe loads were observed at
Mach 16 for an interference pattern which produced a supersonic jet that
impinged on the cylinder and increased heating levels up to 30 times greater
than the local (no shock interference) stagnation point heat transfer rate [12].

Results from the experiments [9-12] were compared with computational
predictions of shock wave interference phenomena [8,13-18]. The
computational predictions showed good resolution of the pressure; however,
the local heating rates were underpredicted. The cause of the
uncerprediction is unresolved, but may be improved with finer meshes, high
temperature gas models, and turbulence models. The studies used iwo-
dimensional numerical models with minimum grid spacing, on thé order of
10-5 inches, to capture shock patterns and wall temperature gradients, and
hence predict heat transfer rates. The finite element adaptive unstructured
meshes used. in references 13, 14, 16, and 17 required approximately 9,000
grid points which was approximately one-third the number of grid points used

by other approaches [15]. Three-dimensional techniques may require up to
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one-half million_grid points [19,20]; hence, experimental results are still

required to provide a database both for design and code validation. !
The actual shock wave interference...pattern which will_occur on the X-30

- cow! leading edge is unknown at this time because the vehicle and engine :
configuration have not been selected. The incident shock and the cowl
leading edge bow shock intersection prebably will_not be two-dimensional.
Rather, the .shock wave interference will be either swept, diagonal, or

compound with respect to the cowl leading edge. However, as a first step to
define the surface effects from the shock-on-lip condition, two-dimensional
shock wave inteference patterns were studied recently [8-18]. Results from
these studies indicate that stress levels for the cow! leading edge are in
excess of the elastic limit for candidate structural concepts [18].

Consequently, the cow! leading edge may need to be swept te reduce heat

-

A

.

T
o
=%

IE‘
——
]
E. -
-
e
-
-
=
—,
—
-t

transfer rates. Heat transfer rates and pressures on a cylindrical leading

A IR

edge, swept in an undisturbed high velocity flowfield, are reduced [21-25], and

the reduction of surface heating is a function of the cosine of the sweep angle |
i [24]. However, swept shock wave interference effects which are applicable to i
@ swept cowl leading edge have not been studied. Therefore, suiface

pressure and heat transfer rates from swept shock wave interference need to
be defined.

4
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The present work is an extension of the earlier two-dimensional studies [9-
12] in that a swept or three- -dimensional configuration has been studied.
Since a swept cowl leading edge may be required on the X-30 to reduce the

high heating rates, the present experiments aré timely. Glass, et al [26] have

4
[
L

presented a summary of experimental results for swept shock wave

interference tests which have been compared with computational results




[19,20]. However, complete documentation of swept shock wave interference

experiments is lacking and is the motivation behind the present study.
1.1 Relevant Shock Wave Interference Research
The six types of interference patterns that can occur.from the shock-shock

interactions were.categorized by Edney [3] in.1968. Edney studied shock

wave interference on a hemisphere/cylinder, flat-faced cylinder, and blunted

cone/cylinder. His study provided surface pressure and heat transfer rate

measurements, high quality schlieren photographs, and an eloquent
discussion of the six interference patterns. Also, Edney showed that the
location and magnitude of the pressure and heat transfer rate peaks are
dependent on the Mach number, freestream flow conditions, incident shock
strength, and high enthalpy effects. The raost severe shock wave interterence
pattern was identified as a "Type IV" shock interference. The Type IV
interference pattern produced a supersonic jet which impinged on the surface
creating a highly localized stagnation region resuiting in significantly
increased local pressure and heat transfer rates.

Additional studies of shock wave interference have been reviewed in
survey papers by Ryan [27] and Korkegi [28]. Early investigations defined the
pressure and heat transfer rates on models that represénted wings, fins, and
other structurés which are attached to a high-velocity vehicle and might
interfere with the forébody shock [29-36). However, the observed flowfields
and surface effects were not explained completely. These earlier studies [29-
36] were on models that consisted of a blunt cylindrieal leading edge mounted
transversely with respect to a flat platé incident shock generator at 0° yaw.

The blunt leading edge was swept at various angles with respect to the flat

5
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plate, and an incident shock intersected a bow shock transverse to the
incident shock plane. These exparimental studies reported significant
increases in local surface pressure and heat transfer rates on a 0° swept
cylinder [29,35,36]. The high surface loads on the cylinder were reduced as
the cylinder was swept back relative to vertical. When the cylinder was highly
swept, surface pressure and heat transfer rates on the cylinder were affected
minimally downstream of the shock wave interference because the
interference patterns that cause high pressure and heating were not present
or dissipated prior to intersecting the surface.

Spurred by the work of Edney and others, experimentai studies and
prediction techniques of shock wave interference were numerous from the
early to mid 1970's. (For example, see references 37-47.) Most of the
experimental studies were conducted in hypersonic wind tunnels at NASA
LaRC [38-41,46,47) on hemispherical configurations similar to those used by
Edney [3]. For these tests, the shock wave interference pattern was produced
by the interaction of a planar incident shock with the bow shock from an
axisymmetric blunt body. The experimental data were compared with
correlations [38-40] and numerical predictions of peak pressure and heat
iransfer rate using oblique shock theory [42]. Results from the computer
program were in good agreement with the experimental results.
Unfortunately, the procedure relied on experimental data to calculate the
surface pressure and heat transfer rate peaks and most of the data were for a
calorically perfect gas.

The first two-dimensional shock wave interference study was réported by
Craig and Onwerth [37] in 1971. The study was conducted at Mach 15 on a
six-inch diameter semi-cylindrical blunt leading edge with a 20° wedge as the

incident shock generator. Thé shock generator and cylindrical leading edges

6
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were parallel and produced a two-dimensional interference pattern which
impinged on the cylindrical leading edge parallel to its axis. The experiment
simulated shock wave interference which occurs from centerbody and cowl
shock interaction on a hypersonic ramjet during flight. This was the first
interference study where the incident shock plane intersected a two-
dimensional bow shock. The experimental results were limited because
instrumentation spacing in the shock impingement region was too coarse to
capture the leading edge interference effects. However, their experiment was
significant because it was the first published two-dimensional shock wave
interference study.

A two-dimensional numerical study of shock wave interference was

~ reported by Tannehill, et al [45,46] in 1976. Two-dimensional computational

results from a time-dependent, finite difference computer program were
compared with experimental results. The computer program solved the
complete Navier-Stokes equations. Numerical results [45] were compared
initially with the axisymmetric experimental data given by Edney [3] because
no acceptable two-dimensional experimental results ware available.
However, Keyes [47] conducted a series of two-dimensional interference tests
in 1975 in the NASA LaRC 20-Inch Mach 6 Tunnel. Though his results wére

CATEES % CANEZE O 2OCRMM N 5L TRt WA TR A, VAV LYl A

not released in completed form, parts of the data were used in comparison
with the computational results of Tannehill, et al [46]. The computational and

experimental pressure and heéat transfer rate results werg in good agreement.
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Shock wave interference studies continued through the mid 1970's, but
then suffered a hiatus of about 10 years. Recently, renewed interest in shock
wave interference has been stimulated by the X-30 vehicle, where high loads

occur on various regions of the vehicle. Shock wave interference heating
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occurs when the vehicle bow.shock or engine inlet ramp shocks intersect the
cowl leading edge bow shock.

The earlier studies [1-3,5-7,27-47] produced an insight into the problem of
increased pressure loads and heat transfer rates from shock wave
interference. However, several factors limited the applicability of the earlier
studies in relation to the current X-30 shock-on-lip research. Low enthalpy
freestream wind tunnel tests did not address the effect of a high temperature
real gas on the shock wave interference. High temperature effects wiil surely

occur at X-30 flight conditions. Coarse spacing of model instrumentation also .

did not define adequately the peak pressure and heat transfer rates due to
shock wave interference impingement. Also, most of the earlier studies were
for axisymmetric model configurations, and the cowl leading edge on the X-30

research vehicle will be cylindrical.
1.2 Purpose of the Present Shock Wave Interference Research

The present shock wave interference experiments have attempted to
measure the increased pressure and heat transfer rates produced by a swept
interference pattern. The test configuration produced a swept incident shock
which intersected wiih a swept bow shock parallel to the axis of the cylindrical
leading edge. The resulting quasi two-dimensional shock interaction occurs
along. the cylinder axis at the same circumferéntial position. The contiguration
simulates shock wave interference on a swept inlet cow! or swept splitter plate
of a scramjet engine. The present study provides the most complete
documentation of experimental results of this type to date. It is hoped that they
can be used to verify three-dimensional computational results for swept shock

wave interference.
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The present tests were conducted in the Calspan 48-inch Hypersonic
Shock Tunnel (48" HST) as a cooperative research program between NASA

" LaRC and CUBRC. The experimental interference model was swept at 0°,

156°, and 30°.. The nominal test conditions of Mach 8, unit Reynolds number of
1.5 x 108-per foot, dynamic pressure of 800 psf, and total temperature of
2800°R were used. These test conditions were the same as the previous
Mach 8 tests performed by Wieting, et al [9,10] and Holden, et al [11,12] in
order to obtain a direct comparison of the effect of sweep on the surface loads.

This thesis is arranged in the following manner:.. First, the background and
motivation for the present shock wave interference research is given. Then, a
brief discussion is presented of inviscid features and surface effects produced
by the six interference patterns categorized by Edney [3]. Next; a description
of the experiment, including the hypersonic shock tunnel and swept

interference model, is presentsd. Finally, results from the swept shock wave

interference experiment are presented and discussed.
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Chapter 2

DESCRIPTION OF SHOCK WAVE INTERFERENCE

Edney [3] categorized six interference patterns and the resulting surface
pressures and heat transfer rates that occur when a weak oblique shock wave
intersects a bow shock at various locations. Features of the inviscid flowfield
show the physical mechanisms that cause these interference patterns.
Although Edney discussed each interference pattern in detail [3], a brief
description of the inviscid features cf each pattern is given in section 2.1 to
acquaint the reader with the basic flow features and define the conditions
which have been observed. Because several of these patterns result in
similar surface interactions (such as shock wave-boundary layer), the effect of
the interference pattern on the local surface heat transtfer rate is discussed in
section 2.2.

-

»

2.1 Shock Wave Interference Patterns

Using Edney's method of interference categorization [3], the shock wave
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interference pattern is determined by the location where the incident and bow
shock waves intersect and by the leading edge slope at the impingement point
as shown in Fig. 1. Type |, Il, and V shock wave interference patterns result in

a shock wave-boundary layer interaction at the blunt leading edge surface.

- o -

Those interactions increase the pressuré and heat transfer rates at the o
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Type VI expansion
wave impingement
Type V shock
impingement
Type IV supersonic
jet impingement —_ Bow |
shock ]
Freestream flow |
e i
Incident shock
. * i
Incident shock Lzzdugg
generator 9
Type lil shear | .
layer attachment i
Type Il shock g
impingement !
Type | shock »
impingement : 3
.
Fig. 1. Location of the six shock wave interference patterns on a leading edge.
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surface. The Type VI interference pattern results in .an expansion fan-
boundary layer interaction that reduces the surface pressure 21d heat transfer
rates. The Type lil interference baﬂem produces.a shear iayer that attaches to
the boundary layer and increases surface pressure and heat transfer rates. |t
the shear layer is turbulent when it attaches to the boundary layer, heating can
increase to levels above thosa..,caused_ by shock wave-boundary layer
interaction. The greatest increase in pressure and heat transter rates is
caused by the Type IV supersonic jet impingement on-the leading edge.

In general, all two-dimensional interference patterns can bé grouped as
either the intersection of shocks of opposite families or the intersection of
shocks of the same family [48]. Intersection of shocks of opposite families
occurs when a left-running and a right-running shock wave intersect. This
causes either Type 1, Type II, Type lll, or Type IV interference depernding on the

relative shock strengths of the two shock waves [3]. Intersection of shocks of

the same family occurs when either two left- or right-running waves intersect...

and result in either the Type IV, Type V, or Type VI interference patterns.
Notice that the Type IV interference pattern can occur from the intersection of
shocks of opposite families or of the same family. This depends on whether
the incident shock intersects above or below the normal shock portion of the
bow shock. The reader is referred to Edney [3] for a complete discussion of
the difference. The common convention used to describe a left-running wave
is that it turns a supérsonic flow to the left from an observer positioned on the
flow streamlins. A left-running wave turns the flow through a positive
deflection angle. The opposite is true for the right-running wave. This
convention is used for the present discussion.

Inviscid flow features of each interference pattern are presented in the

following sections. Schematic and pressure-deflection diagrams of six

12
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flowfield examples are used.in_the discussion. The pressure-detiection
diagram is the locus of points describing all possible flow deflection angles
and static pressures behind both weak and strong oblique shock waves for a
given Mach number. The diagram is commonly called a "Mach number heart
curve” because its shape resembles a heart. Five of the six shock wave
interference examples discussed_were taken from reference 42. The
exception being the Type IV interference example which is a calculation of an

interference test reported by Wieting [9].

2.1.1 Type | Interference Pattern

The Type | interference pattern occurs when two weak oblique shock
waves of opposite families intersect as shown schematically in Fig. 2(a). The
weak shocks are generated by either two sharp leading edges or by a sharp
leading edge and a bow shock sufficiently downstream of the sonic point on
the bow shock wave. The freestream flowfield (region 1) is turned by the two
weak shock waves and. resuilts in the flow in regions 2 and 3. The two shock
waves intersect and continue as refracted shock waves downstream of the
intersection point [48]. The flowfields for regions 4 and 5 are behind the two
refracted shock waves. The flow direction and pressure in regioiis 4 and 5 are
the same and are separated by a shear layer because the velocities in regions
4 and 5 differ. The refracted shock wave separating regions 2 and 4 intersects
the surface resulting in a shock wave-boundary layer interaction. Then, the
flowfield in region 4 is turned through an oblique shock wave to match the
angle of the upper wall boundary in region 6. Pressure and heating
amplification at the shock wave-boundary layer interaction are dependent on
the impinging shock strength and boundary laye: state [35,36,38,40-42,49-58].

13
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Fig. 2. Type | shock wave interference pattern.
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This shock interference can be shown graphically on the pressure-
deflection diagram shown in Fig. 2(b). The freestream flow, region 1, is turned
downward through a right-running wave to region 2 and.upward through a left-

running wave to region 3. The intersection of the pressure-deflection curve of ...

region 2 with the curve of region.3 defines the equal pressure and flow
direction requirement of the resulting flows in regions 4 and 5. Note that the
region 2 and 3 curves also intersect the freestream flow curve, but at a
pressure above the intersection with.each other. When this situation exists,
the resulting interference flowfield will always occur at the lower pressure, i. e.,

at the intersection of the region 2 and 3 pressure-deflection curves.

2.1.2 Type Il Interference Pattern

The Type |l interference pattern, shown schematically as Fig. 3(a), is similar
to the Type | pattern because both result from the intersection of shocks of
opposite families and result in a shock wave-boundary layer interaction.
However, with the Type Il interferencs, the right-running wave is stronger than
the one for the Type |, but still results in supersonic flow in region 2. For the
case of incident shock intersection with a bow shock, the intersection point on
the bow shock is just downstream of the sonic point. The pressure-deflection
diagram for the Type Il interference is shown in Fig. 3(b). The freestream flow
(region 1) is turned through two weak shocks to regions 2 and 3. Unlike the
Type | interference, the intersection of the pressure-defiection curves for
regions 2 and 3 is above their intersection with the strong shock solution of the
freestream flow (region 1). The transition point between the Type | and Type II
interference is characterized by the movement of the the region 2 to region 3
intersection point to a pressure above thé strong shock solution of the region 1

curve. Because all three regions must be linked, the only valid solution i§ one
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in which regions 2 and 3 are linked to region 1 through the subsonic patch as
shown in the figure.

" The pressure and flow angle in region 4 and 5 is determined by the .

intersection poirit of the region 2 pressure-defigction curve with the region 1

curve. Flow in.region 4 is supersonic because it results from a weak

compression of flow from region 2. However, ragion 5§ flow is subsonic...

because it results from compression of the freestream flow through a.strong
shock wave. Likewise, the pressure and flow angle in regions 7 and 8 is
determined by the intersection of the region 3 and region 1 curves. Region 7
flow is supersonic, and region 8 flow is subsonjc. The two supersonic flow
regions (regions 4 and 7) are separated by shear layers from the subsonic
flow. Note that the extent of the subsonic region is not given. Bofh pressure
and velocity variations occur between the shear layers separating regions 4
and 7.

The surface effects from the Type Il interference are similar to those of the
Type I. The flowfield in region 4 is turned to match the angle of the upper wall
boundary. The shock wave upstream of region 4 impinges on the wall
boundary layer and results in shock wave-boundary layér irteraction at the
wall, therefore, affecting the wall boundary layer similar to the Type |
interference.

2.1.3 Type H Interference Pattern

The Type Ill interference is caused by the intersection of shocks of opposite
families when a weak incident shock intersects a bow shock inside the lower
subsonic region. The schematic diagram for this interference pattern is shown
in Fig. 4(a). The left-running incident shock wave turns the freestream flow

upward to region 3 and intersects the bow shock. Behind the intersection
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point, the flow in regions 2 and 4 are at the same pressure and are turned to
the same flow angle. The flow is subsonic in region 2 and supersonic in
region 4, and these two regions are separated by a shear layer.

The pressure-deflection diagram for the Type i interference is shown as
Fig. 4(b). Pressure in region 3 is located on the region 1 pressure-deflection

curve at the appropriaie turning angle. The turning angle and pressure of the

flow in regions 2 and 4 are determined by the intersection of the region 1 and

3 pressure-deflection curves. The shear layer that separates region 2 from

|

region 4 will attach to the wall boundary layer and cause a shear layer-

e el

boundary layer interaction. The effect of the interaction depends on the

: impingement angle (8s) between the shear layer and the wall boundary layer,

pressure rise between regions 4 and 5, and if the shear layer is laminar or '
turbuleit.

SR e N

The transition from Type Il to Type lil interference occurs when the flow

turning angle to region 2 is greater than the maximum turning angle for a

T e vt

supersonic flow solution to exist in region 2. The transition is determined by

R

the intersection point of the incident shock with the bow shock sonic point. An

intersection below the sonic point in the supersonic region behind the bow

ot P

shock produces a Type Il interference pattern. Above the sonic point, a Type

iy 2 2P

lil interference pattern is produced. This transition is also seen by comparing

the Type Il and Type lil pressure-deflection diagrams shown in Figs. 3(a) and
4(a), respectively. The pressure and turning angle of region 2 tlow are

uniquely defined by the wall (or shock wave) turning angle for a Type I

RN .

interference. (See Fig. 3(a).) However, for the Type Il interference, the
pressure and turning angle in region 2 are dependent and defined by the
intersection of the region 3 curve with the region 1 curve as shown in Fig. 4(p).

Note that the shear layer length, Lg;, and the transmitted shock length, Lys, are

19
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dependent on body shape and intersection conditions, and hence are
undefined...

A more subtle transition is presént for the change from Type Iil to Type IV
interference. The transition.occurs as the incident shock intersects closer to
the normal shock portion of the bow shock. The region 4 curve shown in Fig.
4(b) defines the pressure increase to region 5 for various wall turning angles.
If the wall turning angle is greater than the maximum turning angle given by
the pressure-deflection.curve for region 4, the Type Il interference will
transition to a Type IV interference.

2.1.4 Type iV Interference Pattern
The Type IV interference pattern is caused by the intersection of either
shocks of opposite families or shocks of the same family. The intersection
point of the incident shock with the bow shock can be above or below the
normal shock portion of the bow shock as shown in Fig. 1. However, both
resuit in a Type IV interference pattern as shown schematically in Fig. 5(a).
When the wall turning angle is greater than the maximum turning angle of

]
[ 1
i

the region 4 curve shown in Fig. 4(b), the Type Il interference will transition 1o
a Type IV as discussed in.section 2.1.3. The onset of the Type IV interference

e

becomes apparent with the formation of a well defined supersonic jet
embedded within the subsonic regions between the bow shock wave and the
surface. The supersonic jet is separated y shear layers from the subsonic
flow in regions 2 and 5 as shown in Fig. 5(a), and may impinge on the blunt
leading edge.

A pressure-deflection diagram for Type IV interference is shown in Fig.
S(b).. Up to region 4 the flow process is identical to the Type Il interferance.

Supersonic flow in region 4 is turned through a weak left-rurining wave to
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region 6. Flow in region 6 matches flow direction and pressure with the
subsonic flow.in region 5. Supersonic fiow from region 6 to region 7 is
expanded through a Prandtl-Meyer expansion fan to match the pressure in
region 2 shown as a dot-dash line in Fig. 5(b). Supersonic jet flow is
recompressed from.region 7 to region 8 through a series of left-running waves
to again match the pressure in region 5. The jet is terminated at the surface by
a jet bow shock because the wall turning angle is greater than the maximum
turning angle of the supersonic flow in the jet. Keyes and Hains [41] have
shown that the supersonic jet terminates.in either region 7 or 8 for freestream
Mach number between 6 and 20 when the jet impinges on the surface. Weak
compression of the flow in the jet and then compression through the jet bow
shock results in high localized pressure and heating at the wall.

Note that the supersonic jet is turned upward for the example shown
schematically in Fig. 5(a) because the pressure in region 5 is greater than in
region 2. The supersonic jet is turned by the higher pressure in region 5 to the
lower pressure in region 2. Impingement of the jet above © = 0° gives a Type
IV interference which grazes the surface or dissipates prior to impinging on the
surfaqe.

2.1.5 Type V Interference Pattern

The Type V interference pattern occurs when the incident shock intersects
the bow shock just above the upper sonic point. Both shocks are of the same
family. A schematic of the Type V interference is siiown in Fig. 6(a). A
supersonic jet is present for the Type V interference; however, the jet is much

thinner than the Type IV supersonic jet. The Type V jet turns away from the

surface, dissipates, and does not impinge on the surface.
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A pressure-deflection diagram for Tyne V interference is shown in Fig. 6(b).
The flow that affects the surface is initially compressed to region 2 through the
weak, left-running incident shock wave. Then, flow in region 2 is compressed
to region 3 by fiow deflection to match the wall tuming angle. A requirement of
the flow in regions 4 and 5 is that the pressure and flow turning angles must
match at the shear layer which separates them. The intersection of the
pressure-deflection curves of regions 2 and 3 shown in Fig. 6(b) satisfies this
set of conditions. Therefore, region 3 flow is compressed to region 5 through a
right-running wave to match the pressure and flow direction in region 4. The
right-running shock wave that impinges on the wall boundary layer results in
the shock-boundary layer interaction at the wall. The increased pressure and
heat transfer rate at the surface caused by a shock-boundary layer interaction
is similar to the surface effects of the Type | and Type Il interference.

2.1.6 Type VI Interference Pattern

Type Vi interforence results from the intersection of shocks of the same
family similar to Type V interference. However, the incident shock must
intersect the bow shock sufficiently downstréam of the upper sonic point so
that supersonic flow exists in all regions for a Type VI interference to be
present.

A schematic and pressure-deflection diagram of Type VI interference are
shown in Figs. 7(a) and 7(b), respectively. The freestréam flow (region 1) is
initially compressed through the weak left-running incident shock wave to
region 3. Then, flow is compressed from region 3 to region 4 by another left-
running wave to the local turning angle at the wall. These two left-running
shock waves coalesce, and the resulting shock wave compresses the flow

from region 1 to region 2. Pressure and flow direction are matched in regions
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2 and 5, _and the match point will be located on the region 1 pressure-
defiection curve. The match is found by expanding isentropically from the flow
conditions in region 4 to its intersection with the region 1 pressure-deflection
curve as shown on the inset of Fig. 7(b). Therefore, region 4 flow must expand
through a Prandti-Meyer expansion fan to match the pressure in region 2. The
expansion fan impinges on the wall boundary layer and results in the
expansion fan-boundary layer interaction surface.effect associate¢; with Type
Vlinterference. Region 5 flow expands to region 6 because the expansion fan
reflects from a solid boundary in a like manner [48). This interaction

decreases the local pressure and heat transfer rate at the surface.
2.2 Surface Heating From Shock Wave Interference

The discussion given in section 2.1 is useful to determine the inviscid
shock wave and flowfield features of the various interference patterns. Peak
surface pressure can be determined.from the pressure-deflection diagram for
the given type of interference patiem. However, the viscous effects that affect
heating on the blunt leading edge sﬁrface have not been addressed. The
purpose of this section is to discuss these viscous effects. To this end, a brief
discussion of some empirical correlaticns used to determine the peak surface
heat transfer rates that resuit from shock wave interference is given.

Shock wave-boundary layer interaction increases pressure and heat
transfer rates and results from Type I, Type II, and Type V interference.
Pressure and heat transfer rates are reduced from the expansion fan-
boundary layer interaction of the Type VI interference. The Type i
interference affects the heat transfer rate at the surface by a shear layer

attachment to the boundary layer. Shear layer-boundary layer attachment can
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increase heat transfer rates above the level for the shock wave-boundary layer
interaction if the shear layer is turbulent. The greatest increase in heat transfer
rates is caused by the Type IV supersonic jet impingement on the blunt
leading edge. .
2.2.1 Shock Wave-Boundary Layer. Interaction

Surface pressure and heat transfer rate augmen:ation caused by the Type
I, Type II, and Type V interference patterns is a resuit of shock wave-boundary
layer interaction. The flow physics of the shock wave-boundary layer
interaction are covered in great detail in many of the classic compressible
fluids text books. The reader is referred to those by Schlichting [49], Shapiro
[50], Cox and Crabtrse [51], and, most recently, Anderson [52]. The list of
articles on shock wave-boundary layer interaction is extensive [35,36,38,40-
42,53-58] and nnly a few have been included.

The condition of the boundary layer prior to shock wave interaction is
important in the determination of heat transfer augmentation. A shock wave-
laminar boundary layer interaction may cause boundary layer separation just
upstream of the interaction point. Pressure waves are propagated upstream
through the subsonic region of the boundary layer and cause the boundary
layer to adjust before the shock interaction region. However, the turbulent

boundary layer has a much thinner subsonic region, and therefore, results in

less flow. adjustment and less separation prior to the shock wave interaction

region.

A simple empirical relationship has been used to estimate the shock wave-
boundary layer interaction heating [53]:
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where subscript 1 refers to the pressure and heat transfer rate upstream of the
refractqd. shock and subscript 2 refers to the peak pressure and heat transfer
rate downstream of the reflected shock wave. The. experimentally determined
value of the exponent, n, i equation (1), for the shock wave-laminar boundary
layer interaction varies from 1.29 {35,38,40-42,53,56] to 0.5 [35,52,56].
Kaufman.and Johnson [57] suggested that the shock wave interaction
disturbance in the laminar bodndary layer caused boundary layer transition
that strongly affected the local heating. The laminar data they present [57] do
not support the simple correlation of peak pressure to peak heat transfer rate
given by equation (1). However, for shock wave-turbulent boundary layer

interaction, n = 0.85 appears to give the best empirical curve fit for most
turbulent experimental data [35,40-42,52-56).

2.2.2 Expansion Fan-Boundary Layer Interaction

An expansion fan-boundary layer interaction at the leading edge surface
results from a Type V! interference. The empirical relationship given as
equation (1) has been shown to apply to tise reduction of heating from the
expansion fan-boundary layer interaction [41,42,54). Morris and Keyes [42]
suggest using n = 1.29 for the laminar boundary layer interaction and n = 0.85
for the turbulent boundary layer interaction. Experimental data presented by
Keyes and Hains [41] and Back and Cuffel (54] support this approach. The
subscripts of equation (1) are defined as 1 for .the upstream undisturbed value

and 2 for the reduced value downstream of the expansion fan-boundary layer
interaction.
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2.2.3 Shear. Layer-Boundary Layer Interaction ..

Shear layer attactiment to the boundary layer increases heating for the
Type Ill interference. Peak heating at the shear layer attachment point is
analogous to the attachment of a separated boundary layer {38,40-42]. Keyes
and Morris [38] and Hains and Keyes [40] suggest using a relationship similar
to that given by Bushnell and Weinstein [59] to calculate the increased heat

transfer rate. This relationship is given as:
HuSinO, )

Gp=Ap,, 5 U5 Cp (Taw" "'(Pv}-'sﬂ . @)

where the constants A and n for a laminar shear layer attachment are 0.19 and
0.5, respectively. For a turbulent shear iayer attachment, the constants are
0.021 and 0.2, respectively. These values for the constants A and n are taken
from reference 59. The subscript 5 refers to region S shown in Fig. 4(a).

The state of the shear layer will determine if it is laminar or turbulent [39].
The shear layer thickness, tg, is calculated by the following reiationships taken
from reference 59. The thickness for a laminar shear layer is given as:

=0.5 (S22 p:' ":) (3a)

and the thickness for a turbulent shear layer is given as:

t = 0.1 23"3: (3b)

where the shear layer length, Lg, and the wall turning angle, 65, are
determined from the geomatry of the interference pattern shown in Fig. 4(a).
Calculation of the increased heating using this method is fimited because an

ex;erimentally determined shear layer length, Lgi, is required. (See Fig. 4(a).)
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2.2.4 Supersonic Jet Surface hnplngement

A Type IV interferance pattern tsrminates at the blunt leading edge by
supersonic jet impingement. This causes a narrow, localized stagnation
region of high pressure and heat transfer rates. The supersonic jet terminates
through a strong shock in either region 7 or 8 showr: in Fig. & for freestream
Mach number between 6 and 20 [42]. It is assumed that the terminating shock
is a normal shock and will have little affect on the jet stagnation pressure
because.it is strong. However, the jet stagnation heating will vary with the sine
of the impingement angle [3], 6;, shown in Fig. 8. Maximum heat transfer rate
will occur when the jet impinaes normal to the surface.

The surface pressure at the jet impingement is calculated by assuming
stagnation flow dcwnitream of the jet bow shock starting with region 7 and 8
upstream flow conditions. The stagnation heat transfer rate [60] is calculated
on an equivalent "jet body" radius, Ryj, shown in Fig. 8 for the calculated jet
width and normal shock density ratio. The jet width, wj, is determined by
solving the inviscid compressible flow relationships [48] to obtain the jet
geometry shown in Fig. 5(a). The jet width is dependent on the freestream
flow conditions, incident shock strength, and an experimentally obtained
transmitfed shock length, Lis. Next, the jet bow shock standoff distance, Ls, is
calculated from an empirical formula given in references 41 and 42 as
Ls/wj=0.45 which Is applicable for jet Mach number from 1.2 to 2.5. Having
found the jet bow shock standoff distance, the jet body radius is determined
using relationships such as those given by Van Dyke and Gordon [61] or
Hayes and Probstein [62].

A calculation of the peak heat transfer rates for supersonic jet impingement
using the procedure outlined above is cumbetsome, includes many

assumptions, and requires knowledge of the transmitted shock length to
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determine the jet width. However, correlations with experimental data are

é quite good for both an axisymmetric configuration [40-42] and a two-
| dimensional body [26] with supersonic jet impingement. A
_ A sketch of the Type IV supersonic jet impingement region and rssulting
fj pressure and heat transfer rate distributions are shown in Fig. 9. These details
| were first postulated by Edney [3] and are included in this study to describe the
surface effects from the supersonic jet impingement. The supersonic jet is

R C

terminated just before the blunt leading edge by a normal shock wave that
causes pressure and heating to increase in a narrow stagnation region ' 3
between points ¢ and d.as shown in Fig. 9. The peak pressure and heat [
transfer rate will cccur at stagnation point o and are a function of the
impingement angle that the jet makes with the blunt leading edge surface. | .
The jet splits to flow in both directions and passes through a series of '
expansion and compression waves from point ¢ to point a and from d to f to k
match the pressure in regions 5 and 2, respectively. A sketch of the attendant |
pressure and heat transfer rate variations are shown in Fig. 9. These trends
are evident in the data presented in Chapter 4 for the Type IV shock wave

interfarence.
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and heat transfer rate distributions [3].
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Chapter 3

DESCRIPTION OF THE EXPERIMENT

3.1 Calspan 48-inch Hypersonic Shock Tunnel

Experimental tests for this study were conducted in the Calspan 48-inch
Hypersonic Shock Tunnel (48" HST) shown schematically in Fig. 10. The 48"
HST has a Mach number range from 5.5 to 18, freestream unit Reynolds
number per foot from 3.5 x 103 to 5.0 x 107, and total temperature capability up
to 5800°R [63]. These tunnel characteristics refer to a range of tunnel
operating conditions and the reader is referred to reference 63 for specific
details relating to any given test condition.

The tunnel is started by rupturing a double diaphragm. This permits the
high pressure mixture of gases in the driver section to expand into the driven
section. In so doing, a normal shock wave is generated which propagates
through the low pressure air in the driven section. A region of high-
temperature, high-pressure air is produced between the normal shock front
and the gas interface (often referred to as the contact surface) between the
driver and driven gas. When the primary or incident shock strikes the end of
the driven section in the shock tube, it is reflected, leaving a region of almost
stationary high-pressure heated air. This air is then expanded through a
contoured converging-diverging nozzle to the desired freestream conditions in
the test section.
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Test operation time is controlied by the interactions between the reflected
shock wave, the gas interface, and the leadirig expansion wave generated by
the non-stationary expansion process in tﬁe driver section. The duration of the
flow in the test section varies from § to 20 milliseconds depending on the
oparating conditions. Test section Mach number is varied by changing either
the nozzle throat diameter or nozzle, or both. )

Two driver configurations were used for the_tests presented in this_study.
Wieting and Holden [1 0] used a heated driver section in their earlier study,
and some of these tests (test runs 21, 25, 26, and 31) are inciuded in this study
as baseline 0° swept results to evaluate the effect of sweep. However, the
majority of the tests presented in this study were made with a longer, but
unheated, driver section to increase the tunnel run time to about 20
milliseconds.

3.2 Tunnel Freestream Test Conditions

Air was used as the test medium for this experimental study. Neminal
conditions of the freestream flow in the test cection were at a Mach number of
8, unit Reynolds number of 1.5 x 108 per foot, dynamic pressure of 800 psf,
and total temperature of 2800°R for most test runs. However, several tests
were conducted at off nominal conditions to evaluate the effect of variable
Reynolds number on shock wave Interferenca. Tunnel test conditions for the
test runs of this study are giveﬁ in Table 1.

The freestréam flow conditions presented in Table 1 were derived from the
measured temperature and pressure of the driver and driven gases assuming
an equilibrium isentropic flow through the nozzle. The pressure ratio of the
primary shock that propagates through the shock tube was taken as the initial
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pressure ratio of driver to driven gas. The total enthalpy of the reservoir or
stagnation condition was calculated from the primary shock prassure ratio and
initial gas temperature in the driver and driven sections. An isentropic
expansion from the reservoir, through the contoured nozzle, to thermodynamic
equilibrium in.the tunnel test section was assumed. The freestream conditions ;
were obtained by matching the air reservoir total enthalpy with the total
enthalpy of the freestream air. The total pressure of the reservoir was also
measured by four 6000 psi pressure transducers. in the reservoir region prior

to flow expansion through the nozzle. The pressure transducers were Calspan

g

designed four-arm active bridge gauges [63]. A complete discussion of the
assumptions used to determine the freestream test conditions in the Calspan

Hypersonic Shock Tunnels are given in reference 63.
3.3 Test Model Configuration

The model used in this interference study was sting mounted in the tunnel
test section and consisted of a three-inch diameter, 18-inch long cylinder and
three interchangeable incident shock generators swept at 0°, 15°, and 30°.
The shock.generators were 18 inches wide and about 26 inches long. The
cylinder used in the present study was used by Wieting and Holden for two-
dimensional interference studies [9-12]. However, the cylinder support arms
and shock generator were redesigned, allowing the cylinder and incidént .

shock generator to be swept at the appropriate angles. A photograph of the 0°

2 e WP GAPRASOw Al S - AN

swept modél is shown in Fig. 11; and a schematic of the model in the swept
condition is shown in Fig. 12. The dashed line in Fig. 12 represents a
referencé plane in which the tunnel freestream flow is in the z diréction. The

shock generator leading edge lies in the reference plane and has a sweep {
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angle, designated as A, relative to the x direction on the reference plane. The
generator sides are aligned with the direction of flow and are inclined at an
angle, a, relative to the z coordinate direction. The cylinder is parallel to the
trailing edge of the shock wave generator which is parallel to its leading edge,
hence the cylinder is also swept at the angle A.

The model design. allowed_horizontal and vertical positioning of the cylinder
with respect to the shock generator.. This allowed_vertical movement of the
incident shock on the cylinder bow shock so that various shock wave
interference patterns could be investigated. Coordinates for the cylinder
position for each test run are given in Table 2. Cylinder position (X,Y) was
measured with respect to the trailing edge of the shock generator as shown . in
View A-A in the upper right of Fig. 12. Also, shock generator angle-of-attaék,
a; sweep angle, A; and shock generator wedge length for each test run are
given in Table 2. The cylinder was heavily instrumented and was rotated
about its axis to place densely spaced instrumentation in the interference
impingement zone, corresponding to the location of highest pressure and heat
transfer rates. A planform schematic of the cylinder instrumentation insert is
shown in Fig. 13.

3.4_Test Model Instrumentation and Data Reduction

The interference model! cylinder was instrumented with 24 high frequency
quartz pressure transducers (Kulite model XCQ- and XCW-062 series
differential gauges) and 32 thin-film platinum thermometers. Instrumentation
was densely spaced in the surface interaction region. The natural frequency
of the pressure transducers was at least 150KHz. A calibration of the gauges

showed a maximum deviation of less than + 0.5 percent of the full scale
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Table 2 Model dimensions

Run X Y o« A Lw i

;
i
=
J

in in deg deg in

=4 21 2.09 2.89 12.5 0 26.5 ;
= 25 2,13 3.36 12.5 0 26.5
& 26 2.13 3.36 12.5 0 26.5
!'-”: 31 - ———— ——- 0 ————-
59 1.91 2.83 12.5 0 26.5

- 60 3.3 3.19 12.5 0 26.5 |
P 61 1.85 3.08 12,5 0 26.5
66 3.31 3.19 12.5 15 26.5
* 67 3.31 3.19 12,5 15 26.5

= 68 2.93 3.43 12,5 15 26.5 3
= 69 2.93 3.63 12.5 15 26.5
- 70 1.17 3.63 12.5 15 26.5
= 71 1.17 3.31 12,5 15 26.5
% 72 1.17 '3.31 12.5 15 26.5
= 73 1.17 3.31 12.5 15 26.5
: . 74 —— w===  —me= 15 ——
75 2.84 3.44 12,5 30 26.0
76 2.84 3.09 12,5 30 26.0
- 77 1.25 3.44 12.5 30 26.0
' 78 2.84 3.24 12,5 30 26.0
79 2.84 3.44 12,5 30 26.0
- 80 2.84 3.44 12.5 30 26.0
: 81 -—— m——— - 30 -——
- a8 2.72 3.41 12,5 30 26.0
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Fig. 13. Planform schematic of the instrumentation layout for the cylinder.
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reading, The thin-film platinum thermometers were custom designed and built
by Calspan and had a response time on thp order of 10-7 seconds [64]. The
resistance of the thin-film thermometers was linear to + 0.1 percent over the
range of temperature measurements. Although the cylinder was the same one
used by Wieting and Holden [9-12], cyiinder thin-film thermometer
instrumentation was replaced after their experiments.

The pressure transducers were flush mounted on the cylinder surface and
had orifices which were 0.0625 inches in diameter with a thin screen to protect

the sensors. Circumferential spacing of the pressure transducers varied from .

0.0625 inches (2.39°) in the "interaction region" to 0.1875 inches (7.16°) on
either side of this region. Pressure transducer spacing was limited by the
physical size of the gauges and by the internal volume of the test cylinder.

The 0.010-inch wide thin-film platinum thermometers were spaced 0.021
inches (0.80°) in the "interaction region" and 0.080 inches (3.06°) elsewhere.
The thin-film thermometers were painted (= 1000 A thick) on the surface of a
cylindrical shaped pyrex substrate that was flush-mounted to the cylinder
surface. A coating of magnesium fluoride .(~ 1200 A thick) was vapor
deposited over the gauge to protect the platinum element against abrasion
[64]. The number of surface temperature sensors was limited by the available
input channels to the data acquisition system.

Voltage outputs from the pressure transducers and thin-film.thermometers
were recorded in digital form during the 15 millisecond test time of the 48"
HST with a 50 microsecond sampling interval. The overall data recording
system accuracy has been shown to be within one percent. These digital data
were reduced to engineering units using normal conversion methods. Heat
transfer rate; were reduced from the temperature-time history of the thin-film

thermometers using Calspan data reduction software that accounted for
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variable thermal properties of the. pyrex substrate [65]. This numerical heat
transfer rate data reduction technique employed a Crank-Nicolson method of
solution [66) for a semi-infinite slab with temperature dependent properties
[64,67). The surface heat transfer rates were treated as a series of step
impulses rather than.a constant. During Type IV supersonic jet impingement
tests this was important because some of the measured surface temperatures
in the impingement region increased to over 1000°R. However, the thin-film
gauge substrate was made from a very low conductivity pyrex glass.which
reduced circumferential heat conduction. Wieting showed that the thermal

properties of the pyrex limited heat conduction in the circumferential direction

.to less 1i*an five percent of the peak in the high temperature gradient region

[9]. Details of the method used to calculate the heat transfer rates are
developed in Appendix A.

Also, the experimental heat transfer rates presented in this study have been
adjusted to a cold wall temperature (530°R) since the heat transfer rates were
calculated at the hot wall temperature by the Calspan data reduc.ion methods.
This adjustment of the heat transfer rates was made using :

Taw - Tew
= D ——————— 4
e Taw'Thw % @

which assumes a constant heat transfer coefficient from.the hot wall to the cold
wall temperature.

Oscillation in the pressure and heat transfer rate peaks occurred during the
tests of the Type iV supersonic jet impingement. Close inspection of the time
history data indicated a slight motion of the supersonic jet on the cylinder
surface. The shape of the pressure and heat transfer rate distributions on the

cylinder surface remained essentially unchanged, but the location of the peak
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changed slightiy (less than 2°), Therefore, the present resuits were taken over
a time interval where the peak of the pressure and heat transfer rate
distributions had reached a maximum value and was well established.

All experimental data presénted in this study were normalized by calculated
stagnation line values at the appropriate freestream conditions.and sweep
angle of the corresponding tunnel test. This allowed the experimental data to
be evaluated with an undisturbed theoretical level at the same.sweep angie.
Therefore, sweep angle dependence is separated from the presented results
which would ba present if all experimenta! data were normalized by a 0°
undisturbed stagnation point level. The stagnation pressures were calculated
using an equilibrium chemically reacting gas model for air [68) from the
freestream test conditions and freestream velocity component normal to the
cylinder axis. The stagnation heat transfer rates were calculated using the
method of Fay and Riddell [60] for two-dimensional stagnation point heating at
the cold walil temperature. Two-dimensional heat transfer rates were adjusted
to the tested sweep angle using the empirical cos!-1A function that is given by
Beckwith and Gallagher [24]. The thermodynamic properties for the heat

transfer rate calculations were computed by the equilibrium gas model of
Prabhu and Erickson [68].

3.5 Flowfield Uniformity on the Cylinder

Flow on the incident shock generator is uniform inside the regions enclosed
by the characteristic lines [9] shown by dashed lines in Fig. 14 for the three
sweep angles. Nonuniform flow outside these régions is caused by
disturbances from the sides of the shock generator. The disturbances start

propagating from the ends of the shock generator leading edge at the local
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Fig. 14. Planform schematic of the shock wave interference model
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wedge Mach number wave angle, i = arcsin (1/M). The wedge Mach number
is appr:ximately 5.2 for all three sweep angles; therefore, the angle of the

- characteristic line on the wedge is 11.1° with respect to the local flow direction

on the wedge.

For the 0° swept wedge, the characteristic lines are at 11.1° as shown in
Fig. 14(a). However, for the 15° and 30° swept. tests, the freestream flow
passes through a swept oblique shock wave and is turned a small angle, e,

from the freestream flow direétion as shown in Figs. 14(b) and 14(c). For the.

test freestream flow condition, wedge deflection angle, and sweep angles of
156° and 30°, € equals 1.1° and 2.4°, respectively. The characteristic lines

shown in Figs. 14(b) and 14(c) include the additional turning from this effect.

Flow between the cylinder ends and the cylinder intersection with the
characteristic lines was influenced by nonuniform wedge flow. However, the
middle region of the cylinder (area bounded by the characteristic lines) was
exposed to about 7.5 inches of uniform wedge flow. The cylinder
instrumentation was located along the wedge centerline in this region as
shown in Fig. 14, and the instrumentation was at least about two inches from
the intersecting characteristic line. Therefore, the wédge flowfield involved in

the shock wave interference is assumed to.be uniform in the instrumentation.

region on the cylinder for the three sweep angles.

End effects from .the most forward end of the swept cylinder cause the bow
shock to curve with respect to the cylinder axis which affects the local
spanwise flow on the cylindéer. Lamb and Stallings [69] presented schlieren
photographs of a 0.013 scale mode! of the shuttle solid rocket boester at Mach
number 3.7 and 30° sweep which showed this bow shock curvature end effect.
The bow shock was nearly parallel with the booster axis about two diameters

downstream from the booster rocket nose. Uniform spanwise flow occurs
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downstream_of the point where the bow shock is paraliel with the cylindrical
body axis because the local cylinder flow is aftectad by a uniform bow shock.
Extending these observations [69] to the. presant Mach 8 study, spanwise flow
on the 30° swept cylinder should be uniform about two cylinder diameters or
six inches downstream from the forward most end of the cylinder. . As the
sweep angle is decreased, the flow should become uniform sooner.

Cylinder end effects were shown by Thareja, et al [19] in a numerical study
of a 15° swept Type Il interference. flowfield, using the present data for
comparison. The flowfield was calculated using an inviscid, three-
dimensional finite element computer program [19]. Their.resuits showed that

the cylinder bow shock was nearly parallel with the cylinder axis about two

diameters downstream of the cylinder forward end [19]. These results ace‘

similar to the undisturbed 30° swept results presented by Lamb and Stallings
[68]. Therefore, it is assumed the interference flowfield for the present 15° and
30° swept tests was free from cylinder end effects about three inches upstream
of the instrumentation location. At 0° sWeep, the cylinder is perpendicular to
the incoming tlow, therefore, no cylinder end effects were present at the
instrument:<tion location as shown by Wieting [9].
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Chapter 4

SWEPT SHOCK WAVE INTERFERENCE TEST RESULTS AND
DISCUSSION

Experimental results for the shock wave interference model at the three
sweep angles with an undisturbed flowfield are given in section 4.1. Results
for the 0°, 15° and 30° swept tests-with an interference flowfield are presented
in sections 4.2, 4.3 and 4.4, respectively. The experimental data were
normalized with respect to calculated stagnation line values for the
corresponding test freestream conditions (and swesep angle). The reference
data are given in Table 1. The method used to calculate the stagnation line
values was discussed previously in section 3.4. Experimental results and
stagnation line values for each test run are tabulated in Appendix B. The
experimental results include pressures, heat transfer rates, and their angular
positions around the instrumented cylinder as shown in View A-A in the uppeér
right of Fig. 12. Also, the thin-film gauge temperatures that correspond to the
calculated hot-wall heat transfer rates are tabulated in Appendix B.

Schiieren photographs of the shock wave interference pattern and the
pressure and heat transfer rate distributions on the instrumented cylinder are
given for the 0° swept model tests. The 15° and 30° swept model results do
not include the schlieren photographs because facility window limitations of
the 48" HST preventad schlieren line of sight along the cylinder axis.
Theoretical undisturbed pressure and heat transfer rate distributions are
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included on all distribution plots presented in this chapter. The experimental
pressure distributions_are compared with the modified Newtonian distribution
[24]; and experimental heat transfer rates are compared with iaminar and
turbulent heat transfer rate distributions given by Beckwith and Gallaghey [24].
The modified Newtonitin pressure distribution was used in the calculation of
the theoretical heat transfer rate distributions. Turbulent heat transfer. rate
distributions are not given for the Q° swept results_because the theoretical
distribution requires a spanwise velocity component in the calculation [24]
which was not present for 0° sweep angle.

Previously published results from an experimental shock wave interference
study [10] are included in this study as 0° swept model results (test runs 21,
25, 26, and 31). The experimental heat transfer rates [10] were normalized
previously by the experimental undisturbed stagnation point value. However,
in this study, these heat transfer rates have been normalized by the two-
dimensional theoretical Fay and Riddell [60] stagnation point heat transfer
rates. Also, these data have since been corrected by Wieting and Molden to
account for temperature dependency of th-: vyrex substrate material properties
by the procedure discussed in Appendix A. The 0° swept model results are

important because they provide a baseline condition to compare with model
results at 15° and 30° sweep.

4.1 Undisturbed Flowtield for 0° 15° and 30° Swept Cylinder

To access the effects of the various shock wave interference patterns,
baseline data were obtained on the cylinder for flow without an impinging
oblique shock wave. The baseline or "undisturbed flow" data were obtained at

the same freestream flow conditions as the shock interference tests and at

51

———— x

-

;a
i
|
!
:



T . T R

SO TR IR T S N SRS T I o WA TR

P e bk —bmrie « B R e el sy TR e T T e

sweep angles of 0°, 15°, and 30°. A schlieren photograph of the undisturbed
flowfield for the 0° swept model is shown in Fig. 15(a). Pressure and heat
transfer rate distributions for the 0°, 15°, and ?;0° swept model configurations
with an undisturbed flowfield are shown in Figs. 15, 16, and 17, respectively.

The experimental surface pressure distributions are compared.with the
modified Newtonian pressure distribution in Figs. 15(b)l,__16(a). and.17(a) for
the 0°, 15°, and 30° swept model tests, respectively. These figures show.a
good agreement between the experimental and theoretical pressure
distributions at the three sweep angles.

The experimental heat transfer rate distribution for the 0° swept model in an
undisturbed flowfield is shown in Fig. 15(c) and compared with a theoretical
laminar heat transfer rate distribution [24]. The experimental heat transfer rate
at the stagnation point is almost 50 percent higher than that predicted by Fay
and Riddell [60] for the stagnation point. The cause of this discrepancy has
not been determined fully. However, the increased heat transfer rate may be
attributed to either an unclean freestream flowfield that allowed particle
impingement on the cylinder surface or on freestream turbulence eifects, or a
combination of both effects.

A comparison of the experimental heat transfer rate distribution with the
theoretical laminar and turbulent distributions [24] for the 15° swept test is
shown in Fig. 16(). The experimental and laminar distributions are in good
agreement. Therefore, the 15° swept heat transfer rate data in an undisturbed
flowfield provide a firm basis for assessing the effect of shock wave
interference heating.

Heat transfer rate distributions for the 30° swept mode! test are shown in
Fig. 17(b). For ;his test, the experimental heat transfer rates are between the

laminar and turbulent theory over a major portion of the windward surface of

52

. e m—— -

> > P

i
&

:

. o ANpeor,  n

. e e




ORIGINAL PAGE IS
OF POOR QUALITY

a) Schiieren photograph
Fig. 15. Experimental results for 0° swept undisturbed flowfield (run 31).
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Fig. 16. Concluded.
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Fig. 16. Experimental results for 15° swept undisturbed flowfield (run 74).
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Fig. 17. E:xperimental results for 30° swer* undisturbed flowfield (run 81).
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the instrumented cylinder. The heat transfer rate is close to the_laminar level
at the stagnation_line (© = 0°). However, the heat transfer rate distribution
increases to a maximum at.@ =~ + 25°, Then, the local heat transfer rate

distribution decreases and foliows the trend of the theoretical turbulent

distribution. Therefore, heating at the stagnation line on the cylinder is laminar
and becomes turbulent as the flow moves around the cylinder.

in general, pressure distributions agree with the modified Newtonian theory
for the tests in the undisturbed flowfield. Therefore, all experimental pressures
were normalized by the calculated stagnation line pressure of the
corresponding sweep angle and freestream flow test condition.

Heating on the 15° swept model agrees with the laminar theory; and for the
30° swept test, heating is laminar at the stagnation line. The experimental
heat transfer rate distributions.for the 15° and 30° swept tests are consistent
with results given by Beckwith and Gallagher [24]. However, the 0° swept heat
transfer rate distribution is inconsistent and may be caused by freestream flow
contamination or freestream turbulence as explained above. Because of this
inconsistency and the agreement with the laminar prediction at the stagnation
line for the 15° and 30° swept tests, the shock wave interference heat transfer
rates were normalized with the theoretical laminar.undisturbed stagnation line

values.

4.2 0° Swept Interference Results
Experimental results for the 0° swept model tests with Type il and Type IV

shock wave interference flowfields are presented in this section. Theoretical
peak pressures and heat tr  “fer rates were predicted by a computer program
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for these model tests and are shown on the pressure and heat transfer rate
distribution plots.

The computer program that was_used is similar to_a program developed by
Morris and Keyes [42]. However, the present program has the option to
of 11.chemically reacting species (O2, N2, O, NO, N, NO+, e-, N+, O+, Ar, and

Ar+) in thermodynamic equilibrium. A chemically reacting mixture accounts for

- the temperature and pressure dependence of the translational, rotational, and.

vibrational internal energy modes, and at high temperatures, dissociation and
ionization of the constituents of air. For chemically reacting air, specific heats
are a function of temperature and pressure. Therefore, all air calculations in
the program were made with an 11-species equilibrium chemically reacting
gas model for air [68] that is applicable to temperatures up to 15 000 K. The
computer program is calied "EASI" which is an acronym for Equilibrium Air
Shock [nterference.

The required variabla inputs to the EASI program for the Type Ili shock
wave interference predictions were freestream flow conditions, transmitted
shock length, Lis, shown in Fig. 4(a), and the fléw turning angle of region 5
with respect to the freestream direction. For the Type IV mediétions, the
required inputs were freestream flow conditions and transmitted shock length,
Lis, as shown in Fig. 5(a). The freestream conditions were taken from Table 1,
and the transmitted shock lengths which were measured from the schilieren

photographs and are presented in Table 3.

4.2.1 Type Il Shock Wave Interference
Heating from shear layer attachment to the wall for the Type Il shock wave

interference pattern is dependent on whether the shear layer is laminar or
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Table 3 Geometric aspects of the 0° swept shock wave
interference patterns

Run  Type Lts 05, abs Yinv W
in deg in in
26 ITI 2.06  33.0 — e ) i
25 III 1.93 33.0 ———- | eeeee
61 v 1.35 -— 0.24 0.140
21 v 0.71 -—-- 0.52 0.074
59 v 0.75 -—- 0.52 0.077
60 v 0.78.. e 0.62 0.081
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turbulent_at the wall attachment point. Also, heating and pressure are .

dependent on the shear layer attachment angle, s, apg, at the wall...(See Fig.
4(a).) Therefore, these two effects are discussed i.n this section.

Edney [3] and Birch and Keyes [39] gave a transition shear layer Reynolds
number criteria to determine the state of the shear layer at the wall attachment
point. The criteria is based on local flow conditions in regions_2 and 4 (See

Fig. 4(a).) and shear layer length at transition. Edney [3] defined the shear
layer transition Reynolds numbser as:

P4 (u,-u) Ly 5)

Re, T

and Birch and Keyes [39] defined the transition Reynolds number as:

P47‘-Ls| 6
i ©)
where
u
(1-5=)
by, — !
(1 +'Jz-)

The difference between equations (5) and (6) is the velocity term used to
calculate the shear layer transition Reynolds number. Edney suggested the
transition Reynolds number was based on the velocity difference between
region 2 and region 4. However, Birch and Keyes [39] suggested, as a first
approximation, the transition Reynolds number was based on an average
velocity between the two regions. Both Edney [3] and Birch and Keyes [39]
plotted the calculated transition Reynolds number as a function of region 4

Mach numbet in their respective reports using various experimental results.
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u The shear layer Reynolds numbers for the present Type Ill model tests (runs

25 and 26) were calculated using equations (5) and (6) from the shear iayer

B - A

length and local conditicns in ragions 2 and 4 as determined by EASI. The
shear layer Reynolds number from equation (5) is 4.3 x 105 which is greater
than Edney's turbulent. criteria of Rey = 2.7 x 105; and the she-r layer
Reynolds number from equation (6) is 3.8 x 105 which is greater than the Birch
and Keyes criteria of Rey = 5.5 x 104, Both comparisons show that *he present
Type lll shear layer Reynolds number is greater than the transition Reynolds
number. Therefore, this study has concluded that the shaar layer was
turbulént at the wall attachment point in the present tests.

Having characterized the state of the shear layer, peak pressure and peak
heat transter rate are also dependent on the wall turning angle at the ';
attachment point. The wall turning angle affects the shock strength between

regions 4 and 5 as shown in Fig. 4(a). The turning angle at the wall

determines the local pressure rise from region 4 to 5 and flow conditions in
region 5. (For example, see the M4 curve in Fig. 4(b).) Knowing the flow
conditions in region 5, one can determine the peak heat transfer rate as given
by equation (2).

The sensitivity of peak pressure and heat transfer rate to wall turning angle

ES R ST Jaasied

was computed using the EASI computer code and is shown in Fig. 18. The
rasults of this analysis are normalized by the undisturbed stagnation pressure L
and heat transfer rate. The figure shows that peak pressure and peak heat

transfer rate increase as the wall turning angle from region 4 to region 5

,
?

increasés over the range of possible turning angles in the analysis.
Schiieren photographs and pressure and heat transfer rate distributions for
the 0° swept Type |l shock wave interference tests are shown in Figs. 19 and

20. Referring to Table 3, these results are presented for decreasing
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a) Pressur2
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/ —— Region 5, turbulent
- e Region 5, laminar
| | | | ]
30 32 34 36 38 40

0 5,abs
b) Heat transfer rate

Fig. 18. Type Ill interference peak pressure and heat transfer rate sensitivity

to wall turning angle.
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a) Schlieren photograph

Fig. 19. Experimental results for 0° swept, Type lll interference flowtield

(ruh 26, Ltg = 2.06 in., Req = 1.482 x 106 1/4). Note location of shear
layer interseaction.
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b) Measured pressure distribution compared with undisturbed theory and
against maximum predicted pressure rise.
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c) Measured heat transfer raie distribution compared with undisturbed theory
and with estimated laminar and turbulent shear layer attachment heating

levels.

Fig. 19. Concluded.
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a) Schiieren photograph

Fig. 20. Experimental results for 0° swept, Type !l interference flowfield
(run 25, Lig = 1.93 in., Req = 1.538 x 106 ).
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transmitted shock iength, Lig, which was measured from the schlieren
photographs shown in Figs. 19(a) and 20(a). These Type Il interference tests
were also presented by Wieting [€].

The prediction of peak pressure and paak heat transfer rate in.region §_
(See Fig. 4(a).) was determined from the sensitivity analysis discussed above.
The peak experimental pressure from run 26 was matched with the calculated
pressure at the walil turning angle of 33° shown in Fig. 18(a). The calculated
peak turbuient heat transfer rate is shown on the axis of ordinates in.Fig. 19{c).
Aithough the shear layer of the present test wvas shown to be turbulent, the
laminar prediction is also included on the heat transfer rate plot. The
experimental peak heat transfer rate is in good agreement with the predicted
turbulent value shown in Fig. 19(c).

No pressure data were recorded during test run 25. Therefore, a wall
turining angle of 33° was used in the prediction for this model test since the
cylinder position was unchanged from run 25 to run 26 as shown in Table 2.
Theoretical peak turbulent and laminar heat transfer rates for run 25 are
shown in Fig. 20(c). The turbulent prediction is in good agreement with the
experimental peak heat transfer rate as shown in Fig. 20(c).

The experimental heat transfer rate data for the Type lil interference tend to
be turbulent. This is supported by the transition Reynolds number criteria
given by Edney [3] and Birch and Keyes [39]. The experimental data agree
with the predictions of pressure. and heat transfer rate from the EASI computer

program; howevar, the predictions rely on experimental results.

4.2.2 Type IV Shock Wave Interference
The cylinder was translated both vertically and horizontally with respect to

the shock generator trailing edge during the Type IV interfarence tests. (See
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Table 2.) Because of this, a method was needed to assess the relative
cylinder position with respect to the incoming incidqnt shock wave. This was
accomplished by calculating the oblique shock wave angle.and extending a
shock wave from the shock generator leading edge to the cylinder centerline
at this angle. The oblique shock wave location was calculated with the
assumptions that flow on the shock generator was inviscid and the oblique
shock wave was straight. The distance Yiny, is the calculated vertical distance
between the extended oblique shock wave and the cylinder axis as shown in
Fig. 21. The Type IV shock wave interference tests presented in this seciion
are ordered by increasing Yiny as tabulated in Table 3. Using this method, a
calculation of the incident shock position is not correct because the boundary
layer, through the displacement thickness, alters the shock wave above the
generator wedge. However, the Yiny distance does provide a good estimate of
the relative movements of the cylinder position with respect to the oblique
shock wave from one test run to another.

Results from the 0° swept, Type IV shock wave interference model tests are
shown in Figs. 2° ., for increasing Yiny. This arrangement shows the effect of
downward adjustment of the cylinder with respect to the incoming incident
shock wave. The experimental results are presented as schlieren
photographs of the shock wave interference pattern and as pressure and heat
transfer rate distributions on the instrumented cylinder. Also, predictions of the

peak pressure and peak heat transfer rate were made by the EASI computer |

program for each test run using freestream conditions from Table 1 and
measured transmitted shock lengths from Table 3. These predictions
assumed supersonic jet impingement normal to the cylinder surface in either
region 7 or region 8. .(See Fig. 5(a).) The heating rate is more sensitive to the
resultant deflection angle (either 87 or 8g on Fig. 5(b)) than thé paak pressure
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Incident shock Y
inv

Cylinder
Cylinder axis

Incident shock
generator

Fig. 21. !_ocation of Yjny With raspect to the incident shock generator and
instrumented cylinder.
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a) Schliaren photograph
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Fig. 22. Experimental results for 0° swept, Type IV interference flowfield
(run 61, Rey = 1.456 x 106 1/y).
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a) Schilieren photograph

Fig. 23. Experimantal results for 0° swept, Type IV interference flowfield
(run 21, Req = 1.564 x 108 1/y),
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Fig. 23. Concluded.
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a) Schlieren photograph

Fig. 24. Experimental results for 0° swept, Type IV interference flowfield
(run 59, Req = 1.433 x 106 1/y).
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a) Schiieren photograph

: Fig. 25. Experimental results for 0° swept, Type IV interference flowfield ,
' (run 60, Req = 1.448 x 106 1/¢). z
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Fig. 25. Concluded.
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rise. However, both levels are shown on the figures. It is also important to
note that since these flows are behind normal shocks, only a laminar heating
prediction is relevant. Hence, the estimated peak heating levels assume
laminar flow.

The schlieren_photographs (See Figs. 22(a)-25(a).) show the detalils of the
Type IV shock wave interference pattern, including the supersonic jet
impinging on the cylinder surface. The surface pressure and heat transter rate
distributions shown on Figs. 22(b)-25(b) and Figs. 22(c)-25(c), respectively,
are similar to distribution trends postulated by Edney [3] and sketched in Fig. ©
for supersonic jet impingement. The experimental resuits show very high
pressures and heat transfer rates in the narrow impingement region with
expansions and compressions on either side of the impinging jet.
Calculatior.5 of the jet width by the EASI code are given on Table 3 and range
from 0.140 incnes for run 61 to 0.074 inches for run 21. The calculated jet
width is a function of the input transmitted shock length. The region on the
cylinder surface affected by the jet appears to be wider than the calculated jet
width {which was betwsen 2.8° and 5.3°) for the Type IV shock wave
intf-)rference model tests shown in this section. Note that the pressure and
heat transfer rate distributions shown in.Figs. 22-25 are sharp and well
defined at the supersonic jet impingement region because of the close gauge
spacing. The experimental peak pressures on the cylinder surface tend to be
predicted by the region 7 stagnation pressure, and the paak heat transfer rates
tend to be predicted by results from region 8.
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4.3 15° Swept Interference Resuits

Experimental pressure and heat transfer rate distributions for the 15° swept
model with a shock waveé interference flowfield are shown on Figs. 26-33.
These results inciude undisturbed theorstical pressure and hsat transfer
distributions calculated using the methods given by Beckwith and Gallagher
[24]). Schiieren photographs are not included because facility window
limitations of the 48" HST prevented a schilieren line of sight along the swept
cylinder axis.

The 15° swept shock wave interference test results are presented in the
order given in Table 4. The nominal test condition runs are presented first,
and ther ‘ne off nominal condition resulté are presented. The order at a given
test condition is for increasing Yiny, similar to the presentation of the test runs
in section 4.2.2. The distance Yjny, shows how the relative cylinder positions
affect surface pressure and heat transfer rate distributions without the visual
evidence of the shock wave interference type shown on a schiieren
photograph. This ordering scheme shows the experimental results as the
cylinder is moved downward with respect to the incident shock generator. For
example, the Type lll shock wave interterence results are shown first, then the
Type IV results, and so on.

The cylinder position variation at the nominal test condition is shown in Figs.
26-30. Results from run 70, shown in Fig. 26, were for the highest relative
cylinder position at the nominal test condition. The surface distributions are
not similar to the 0° swept, Type Ill distributions shown in the tigure as a
dashed line. On the basis of the location of maximum pressura rise, those
results are a Type Il approaching Type !l transition.
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b) Heat transfer rate distribution

Fig. 26. Experimental results for 15° swapt interference flowfield (run 70,
Req = 1.471 x 108 Y/y) compared with unswept results / in 26).
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Fig. 27. Experimental results for 15° swept interference flowfield (run 71,
Ret = 1.376 x 108 1/y)) compared with unswept results (run 61).
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-

-

a/4q

[

10. b gf Undisturbed, turbulent
<) Undisturbed, laminar

0.

-=100. -50. 0. 50. 100.

6, deg

b) Heat transfer rate distribution

Fig. 28. Experimental results for 15° swept interference flowfield (run 69,
Rey = 1.501 x 106 1/;;) compared with unswept results (run 21).
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10. ~ . ©¢ Run 68
8.
) 6. |~ *
p/pP
[ - J 4 -
) ® Undisturbed, theory
2 ooj L
° ‘:4t/_—- ° J
0. - S Y .\ =
-100. -50. 0. 50. 100.
6, deg
a) Pressure distribution
20. — 7 Run.68
158. -
o
a/q 10. |~ [
-}
o Undisturbed, turbulent
5. |— ° Undisturbed laminar
-
0. % J
-100. . -850. 0. 50. 100.
6, deg

b) Heat transfer rate distribution

Fig. 29. Experimental results for 15° swept interference flowfield (run 68,
Req = 1.469 x 106 /).
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o Run 687

p/p°

4 aﬂL Undisturbed, theory

—100. ~—50. 0. 50. 100.

0, deg

a) Pressure distribution

20. — o Run 67

q/4 10. |-

o
>

Undisturbed, turbulent
Undisturbed, laminar

' o
[
st B e

8, deg

b) Heat transfer rate distribution

Fig. 30. Experimental results for 15° swept interference flowfield (run 67,
Req = 1.484 x 108 1/y).
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1
3 10. — . © Run 73 :
F“ a. . (
6 - |
P/P ‘
-]
4. - ®
o Undisturbed, theory
|
100.
0, deg
a) Pressure distribution
¢
20. — © Run 73
15.
a/q 10. — i
o
Undisturbed, turbulent

5. |- o Undisturbed, laminar !
S {
0. &£ | g
--100. -50. 0. 50. 100. s
{

8, deg

b) Heat transfer rate distribution

Fig. 31. Experimental results for 15° swept interference flowfield (run 73,
Req = 0.712 x 108 1/y).
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0

10, — © Run 686

0, deg

a) Pressure distribution

20. © Run 66

15. —

q/9 10. |~

Undisturbed, turbulent
Undisturbed, laminar

-100. -50. 0. 50. 100.

0, deg

b) Heat transfer rate distribution

Fig. 32. Experimental results for 15° swept interference flowfield (run 66,
Req = 0.702 x 106 1/p).
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10. — © Run 72
8.

. 6. -

p/p g2
o 4. |-
' ° Undisturbed, theory
<.
0. J
-100. -50. 0. 50. 100.
0, deg
a) Pressure distribution .
20. — © Run 72
15, —
o
a/q 10. — o
o
° K Undisturbed, turbulent
5. |- o ? Undisturbed, laminar
&£ __an
0. L == ' S
-100. -50. 0. §0. 100.
6, deg

b) Heat transfer rate distribution

Fig. 33. Experimental results for 15° swept interference flowfield (run 72,
Rey = 1.874 x 106 1),
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Table 4 Calculated Yinv for 15° and 30° swept model tests

Run

70
n
69
68
67
73
66
72

7
98
75
78
76

79

A

88

Yiow
in

-0049
-0.17
0.11
0.30
0.68
-0.14
0.71
-0.18

-0.19
0.40
0.41
0.62
0.77
0.43
0.41

Re1
1
x106

1.471
1.376
1.501
1.469
1.484
0.712
0.702
1.874

1.528
1.467
1.480
1.484
1.454
0.715
1.830
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As the cylinder was moved downward, the peai: pressure and heat_transfer.
rate increased as shown in Figs. 27 and 28. A comparison of the surface
distributions. with the 0° swept, Type IV shock wave interference distributions
(shown on the figures) shows similar pressure and heat transfer distributions

on the cylinder surface. Therefors, it is concluded that Figs. 27 and 28 show

the surface effects from a Type IV shock wave interference for the 15° swept
model tests. Note that the 0° and 15° swept peak pressures are nearly at the
same level because the supersonic jet flow stagnates through a strong shock
wave. However, the peak heat transfer rate is reduced with sweep probably
because the spanwise velocity component along the forward face of the swept
cylinder did not allow the supersonic jet to impinge normal to the surface.

Results shown in Fig. 29 were at the néxt cylinder position and are probably
from a supersonic jet grazing the cylinder surfac’ near the transition between
a Type.lV and Type V shock wave interference. The lowest relative cylinder
position at the nominal test condition was for run 67 shown in Fig. 30, and is
probably from a Type V shock wave interference.

Predictions which were included for the 0° swept interference tests are not
given in this section because the EASI code is for a two-dimensional
interaction, but correlations with the 0° swept data will be presented in thé next
chapter. Although no visual evidence of the interference pattern was
available, a comparison of the data shown in Figs. 27 and 28 with Edney's
postulated trends [3] and the 0° swept data show they are from a Type IV
interference. Also, the results shown in Figs 26-30 span the gap that includes

the Type IV shock wave interference results.
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4.4 30° Swept Interference Results

Experimental pressure and heat transfer rate distributions for the 30° model
tests with shock wave interference flowfield are shown in Figs. 34-40. These
resuits are presented in the order shown in Table 4 for increasing Yiny which is
the same way that results for the 15° swept model tests were presented in the
section 4.3.. The experimental results include the undisturbed theoretical
pressure and heat transfer rate distributions [24].

Surface pressure and heat transfer rate distributions for the tests at the
nominal condition are shown in Figs. 34-38. The cylinder was at the upper
relative location during run 77. Experimental results from this run are
compared with the 0° swept, Type |l results as shown in Fig. 34. The
comparison shows that the surface distributions are similar; however, the 20°
swept results are at a lower lavel. Therefore, the experimental distributions for
run 77 were probably from Type il shock wave interference.

The pressure and heat transfer rate distributions shown in Figs. 35-37 are
compared with the 0° swept, Type IV results. The 30° swept results have
sharp, wéll defined psaks with secondary expansion and compressions on
either side of the peaks similar to the results for the 0° swept, Type IV results.

The distributions are also similar to the Type IV distributions postulated by

Edney [3] and shown in Fig. 9. Therefore, the distributions given in Figs. 35-37

are believed to show the surface effects from Type IV supersonic jet
impingement for the 30° swept model tests. Note that the peak pressure levels
are near the 0° swept results, but the heat transfer rate peaks are reduced.
For the lower cylinder location, the pressure distributions shown in Fig. 38(a)
can be caused by either a grazing Type IV or a Type V shock wave

interference. Therefore, the pressure and heat transfer rate distributions for
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o Run 77

Ceeee A=O
8.
6..}— *
p/P
o .. .. 4 -
' Undisturbed, theory
J
100.
6, deg '
a) Pressure distribution
20. — o Run 77
-==- A=0
15. |~
q/q 10. -
[}
™ Undisturbed, turbulent
5. |- Y Undisturbed, larninar
/’ \\
’ \
0. J
-100. -850 0. 50 100.

e, deg

b) Heat transfer rate distribution

Fig. 34. Experimental results for 30° swept interferencé flowfield (run 77,
Req = 1.528 x 108 1/yy) compared with unswept results (run 26).
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15 o Run 98

- A=0
10. |-
P/P_ .0
- - 5. | i Undisturbed, theory
' 10
[ |
;) 1
s o\
o’ \Q )
0. lo W |
-100. -50. 0. 50. 100. }
0, deg
a) Pressure distribution ,
4 30. — o Run 98
---- A=0
20. |-
: i © ;
/ it i
g q/9 H {
‘, ° R '
- 10. |- I Undisturbed, turbulent .
3 ! Undisturbed, laminar i
s : ﬁ
: 0 ’ -
f -100. -50. 0. 50. 100. ‘
I§ !
' N
? 6, deg '
: b) Heat transfer rate distribution
y Fig. 35. Experimental results for 30° swept interference flowfield (run 98, )
Ret = 1.467 x 106 1/y) compared with unswept results (run 61). o
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©. Run 75

15. — i
===- A=0
10.
p/P
-] 'f‘
5. |- ne Undisturbed, theory
A
|
100.
0, deg
a) Pressure distribution
30. — ° Run. 75
~==- A=0
20.
A
Ig ,'!I [o]
o ! { ®
10, ! '.‘ g Undisturbed, turbulent
- Undisturbed, laminar
/ )
tfd’p Ng .
]
0. J
-100. ~50. 0. 50. 100.
0, deg

b) Heat transfer rate distribution

Fig. 36. Experimental results for 30° swept interference flowfield (run 75,

Rey = 1.480 x 108 1/;y) compared with unswept results (run 61).
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15, — © Run 78
—eee AmO
10. b
/
/P A
° %
5. = ’r°|‘ Undisturbed, theory
b1
[
0

-100. -50. 0. 50. 100.
8, deg
a) Pressure distribution
30. — o Run. 78
\ -==- A=0
n
"
n
1]
"
20. |- i
i
q/ qo !6%
10. s} Undisturbed, turbulent
2 ¢ - Undisturbed, laminar
b
\ L
0. J
-100. -50. 0. 50. 100.

6, deg

b) Heat transfer rate distribution

Fig. 37. Experimental results for 30° swept interference flowfield (run 78,
Rey = 1.484 x 108 1/y) compared with unswept results (run 21).
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© Run 78

10.
8.
8. -
p/P
o
-100. -50. 0. 50. 100.
0, deg
a) Pressure distribution .
20. — © Run 76
15. |~
a/q 10.
o
Undisturbed, turbulent
5. |— P Undisturbed, laminar
/‘ J
0. o=
-100. -50. 0. 50. 100.

0, deg

b) Heat transfer rate distribution

Fig. 38. Experimental results for 30° swept interference flowfield (run 76,
Ret = 1.454 x 106 1/p).
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* 10. — o Run 80
°
8. o
Q
8. —
p/P
Q
4. — °
: ° Undisturbed, theory
0o
2. - o o
o lo o w0 |
-100. -50. 0. 50. 100.
6, deg
a) Pressure distribution
20. — © Run 80
15. —
a/9 10. = 8;.;»
o 80
8% Undisturbed, turbulent
5. : °° Undisturbed, laminar
o
0 ::—‘+‘===:35 |

-100. -50. 0. 50. 100.

8, deé

b) Heat transfer rate distribution

Fig. 39. Experimental results for 30° swept interference flowfield (run 80,
Req = 0.715 x 106 /).
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10. — © Run 79

8. |—

8. —
P/P_ . L °
‘ ' ° . Undisturbed, theory
-

]
100.
9, deg
a) Pressure distribution

20. — o ° Run 79
o
15. -
o
a/q  10. - o
1 o : Undisturbed, turbulent
? 5. |- o‘fb o Undisturbed, laminar
o
‘; 0 — - |
-100 -50 0. S0 100
|

l 9, deg

. b) Heat transfer rate distribution

Fig. 40. Experimental results for 30° swept interference flowfield (run 79,
Req = 1.830 x 108 1/p).
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- the 30° swept model at the nominal condition cover the range between Type I

; and Type V shock wave interference.
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Chapter 5
CORRELATION OF PEAK PRESSURE AND HEAT.TRANSFER
RATE

5.1 Peak Pressures and Heat Transfer Rates From: Tests at
Nominal Conditions

Peak pressures and heat transfer rates from the tests at the nominal
conditions with a shock wave interference flowfield are plotted as a locus of
peaks in Fig. 41 for the 0°, 15°, and 30° sweep angles. These peaks were
taken from the experimental data presented in sections 4.2, 4.3, and 4.4 and
tabulated in Appendix B. Peak pressure and heat transfer rate vary
depending on the interference type and the associated interaction at the

surface. The various interference patterns were obtained by transiating the

instrumented cylinder with respect to the trailing edge of the incident shock"

generator. The positions of the cylinder for the various interference tests are
given in Table 2.

The. pressure and heat transter raté peaks shown in Figs. 41(a) and 41(b),
respectively, show variations in the experimental results because the limited
amount of data presented on the figures do not fully describe the locus of
peaks. However, a great amount of effort was expended to obtain these
limited results. Time and money constraints in the test program did not allow a

large number of tests to produce a statistically significant number of tests
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which would have described the "actual® locus of peaks_from the various types
of shock wave._interference-patterns in detail. However, thesé limited data do
represent a good effort to map out the peak pressurés and heat transfer rates
produced by the swept shock wave interference model. _

An attempt was made to define the locus of peaks with a parabolic least
squares curve fit of the data. When individual curves were fit to the pressure

data at the three sweep angles, the curves tended to.collapse together. .

Therefore, a single curve was fit through all of the experimental pressure
peaks and is shown in Fig. 41(a). Most of the peak pressures shown in the
figure follow the trend of the parabolic curve with the exception of three 0°
swept peak pressure measurements at © = -20°. The anomaly at 8 ~ -20¢
may be caused by experimental data scatter or, a more probable cause may
be normal impingement of the 0° swept supersonic jet from region 8 flow
which gives the highest pressure rise. (See Fig. 5.)

The curve fit for the heat transfer rate peaks showed a good correlation at
the three sweep angles. Hence, least squares parabolic curves are included
with the experimental peak heat transfer rates in Fig. 41(b). The curves show
that the peak heat transfer rates decreased as the sweep angle increased.
The 0° swept peak heat transfer rates at © ~ -20° were not fit to the curve
labeled as A = 0°. These data show that an intense heating level occurred
over a narrow region on the cylinder surface which would bias the curve fit
upward. The region is shown as a hatched area in the figure. Heat transfer
rate in this narrow region is probably caused by normal impingement of the
supersonic jet on the surface. The peak heating drops substantially as the jet
impingement zone on the surface changes about + 5° from the normal
impingement region. Heating is reduced from an amplification of nearly 30 to

an amplification of about 20 times the undisturbed stagnation point level. The
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15° and 30° swept results do not show this peak heating region probably £y
because normal impingement of the supersonic jet does not occur on a swept
leading edge surface.

Type IV shock wave interference heating is most severe for the 0° swept
caseat ©~20°. Supersonic jet impingement also occurs for @ > -15°, but the
jet is turned .upward and impinges at low angles or just grazes the surface
resulting in lower values. The values for © < -50° are most likely for a Tyne Iii
(shear layer-boundary layer) or Type Il (shock-boundary layer) interference.
The parabolic curve fits in Fig. 41(b) show that peak heat transfer rates

decreased as the sweep angle increased. However, with increased sweep,

o

the peak pressures did not show the same decrease as the heating because

the inviscid features of the shock wave interference pattern at sweep may be o
similar to those of the unswept case. Hence, the peak pressures are not as

sensitive to sweep as the peax heating.

| This section presented and discussed the experimental peaks for the

various shock wave interference patterns observed at the nominal test

condition. The next section presents a discussion of the peak pressures and

heat transfer rates for the Type IV supersonic jet impingement tests which ’
were identified in Chapter 4. These peaks were also shown in Fig. 41 at © ~ 5
-25°,

5.2 Effect of Sweep on Peak Pressure and Peak Heat Transfer
Rate for the Type IV Supersonie Jot Impingement

- > gy

) ”, ] ,,..‘-l
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For undisturbed flow past a swept cylinder, the stagriation pressure varies !
as cos2A and the stagnation heat transfer rate varies as cos!-1A [24).

Therefore, it is postulated that the peak experimental pressure and heat
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transfer rate from Type IV supersonic jet impingement will vary with sweep in a
similar manner as given by the following relationships:
2

Po P

2 (A) = =t Cos™ A 8 ‘
5 (A= L,o, ®) ;
G A cos' A 9
o (A).qo |M°, (9)

Calculations of the inviscid 0° swept Type IV shock wave interference
flowfield and resulting peak pressure and heat. transfer rates were
acccmplished using the EASI computer program and the results were -
presented in Figs. 23-25. For these calculations the computer program used
the equilibrium chemically reacting air model. The maximum calculated heat
transfer rate occurred for test run 21 as shown in Fig. 23 because the
transmitted shock length, Lig, was the shortest for this run. (See Table 3.)

Using the transmitted shock length from run 21, peak pressure and heat

transfer rate for region 7 and 8 flow was calculated by the EASI program using

-

both the calorically perfect and equilibrium chemically reacting air models.

- -

These calculated values were used in equations (8) and (9) to define the peak
pressure and heat transfer rate curves shown on Figs. 42(a) and 42(b),
respectively.

Experimental peak pressure for the Type IV interference at the three sweep
angles are taken from Fig. 41(a) and plotted in Fig. 42(a). These data are

H
:
,3
;
?

bounded by the pressure ratio curves obtained from equation (8) for region 7
and region 8. The local pressure in region 7 and region 8 are egual to the
pressure in the upper and lower bounding subsonic regions, respéctively, on

either side of the jet and are independent of the jet width. Hence, the
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Fig. 42. Maximum peak pressure and heat transfer rate for Type IV shock
wave interference with sweép anglé variation.

104

E

!
z
!
§




assumed transmitted shock length has a minimal influence on the lower
(region 7) and upper (region 8) bounds because the jet is assumed to

terminate through a normal shock at the cylinder surface. Also, these surface

pressures are influenced little by jet impingement angle on the surface

because the Type IV jet flow is terminated by a strong shock resulting in

subsonic flow at the jet impingement point on the surface.

the weak shock waves, kinetic energy of the air is shared by all internal energy
modes of the gas molecules or is going into the energy budget for the
chemically reacting products, or both [52]. Ti’le vibrational energy modes of
the molecules in air become excited at gas temperatures of about 1500°R.
Calculations for the present test show gas temperatures of about 2800°R in
the jet stagnation region. Therefore, high temperature effects are present for
these tests. Note that these effects are significant under these conditions even
though the temperature is well below the onset of significant dissociation.
(Significant Oz dissociation occurs around 3600°R [52].)

Similarly, experimental péak heat transfer rates from Fig. 41(b) are plotted
in Fig. 42(b) and are bounded by theé curves obtained from equation (8). Theé
normalized experimental heat transfer rates lie approximately midway
between the curves of region 7 and fegion 8 and follow the trend expressed
by equation (9). Unlike the pressure, the heat transfer rate is influenced
strongly by the width of the jet. Jet width controls the velocity gradient along
the cylinder in the jet stagnation region. Unfortunately, the jet width is a strong

function of the assumed transmitted shock length.
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The heat transfer. rate bounds defined by ragion 7 and region 8 (in Fig. 5(a))
for this freestream flow condition are lower for the equilibrium chemically
reacting gas. This may be attributed to changes in the wall velocity gradient,
thermal layer properties, and. compressibility effects. Therefore, high
temperature effects on the jet stagnation point heat transfer rate for the present
freestream flow condition are significant.

An estimate for the expected range of pressure and.heat transfer rate
amplification with sweep can be made by using_equations (8) and (9),
respectively, assuming a transmitted.shock length to calculate the 0° swept
peak heat transfer rate. In addition, it has been shown that inviscid flow
features of the Type IV interference pattern scale directly with the radius of the
body [17]. Therefore, for a given set of experimental flow conditions with a
Type IV interference, an experimentally obtained two-dimensional transmitted
shock length may be scaled with body radius to find an estimate of the
expected range of pressure and heat transfer rate with sweep using the
method described above. Howevaer, as the radius is decreased, the boundary
layer becomes a greater percentage of the shock layer, and the scaling eftects
of the body rédius with inviscid flow features may become invalid as the
viscous effects dominate the local flow field of the Type IV interference pattern.

Peak pressure and heat transfer rate amplification ratios correlate well as a
function of the cosine of the sweep angle as shown in Fig. 42. The reference
quantities po and qo can be eliminated from equations (8) and (9) to isolate

the effect of sweep on the peak pressure and heat transfer rate and obtain:

P 4
.p_p =C0S" A (10)
pl A=0°
106
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% acos?2A (11)
LI .

The values for-ppja=0° and gpja=0° Were taken from the analysis above as o
the average calculated stagnation valueg of region 7 and region 8 at A = 0°.
The experimental peak pressure and heat transfer rate were normalized by ;
"these values and are shown on Figs. 43(a) and 43(b), respectively. Both the
pressure_and heat transfer rates normalized in this manner are in good
agreement with the cosine function trends. Therefore, normalized peak
pressure was reduced about 13 percent. and 44 percent, respectively, and
normalized peak heat transfer rate was reduced about 7 percent and 27
percent, respectively, at sweep angles of 15° and 30° when compared to the

normalized 0° swept values.
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Fig. 43. Normalized peak pressure and heat transfer rate correlation as a

function of the cosine of the sweep angle.
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Chapter 6
CONCLUDING REMARKS
6.1 Recapitulation

An experimental study of the effects of leading edge swéep on surface
pressure and heat transfer rate for swept shock wave interference has been
presented. This study was conducted cooperatively between NASA Langley
Research Center and Calspan-University of Buffalo Research Center.
Experimental tests were conducted in the Calspan 48-inch Hypersonic Shock
Tunnel at a nominal Mach number of 8, nominal Reynolds number of 1.5 x 108
per foot, leading edge and incident shuck generator sweep angles of 0°, 15°,
and 30°, and incident shock generator angle-of-attack fixed at 12.5°. Detailed
surface pressuré and heat transfer rate distributions on the cylindrical leading
edge of a swept shock wave interference model were measured to determine

the region of the maximum surface pressure and heat transter rates.
6.2 Conclusions

The experimental study shows that pressure and heat transfer rate on the
cylindrical leading edge of the shock wave interference mode! were reduced
as the sweep was increased over the range of tested parameters. Peak

surface pressure was about 10 times the undisturbed flow, stagnation point
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pressure for the 0° sweep test; and peak heat transfer rate was about 30 times
the stagnation point heating. Peak pressure and heat transfer rate normalized
by the undisturbed stagnation line values vary with the cosine of the sweep
angle, A. This variation is in the_.same manner as the undisturbied stagnation
pressure and heat transfer rate. When the peak pressure and heat transfer
rates are normalized by the peak values at 0° sweep angle, pressure varies as
cos4A and heat transfer rate varies as cos2-2A. A comparison of the 15° swept
results with the 0° swept results shows that peak pressure was reduced about
13 percent and. peak heat transfer rate was reduced about 7 percent. A
comparison of the 30° swept results shows that peak pressure was reduced
about 27 percent and poak heat transfer rate was reduced about 44 percent

when compared to the (° swept resuits.
6.3 Recommendations

The present study has defined the effects of sweep on the pressure and
heat transfer rates for a swept shock wave interference model at the nominal
test conditions. However, these data are limited in that they are for a single
Mach number, single test condition, and siiig'e incident shock deflection
angle. To define the effects of a swept shock interference more completely,
the following recommendations for future research are suggested:

(1) At the nominal test condition, more shock wave interference tests are
needed to fully define the ocus of peak pressure and heat transfer rate at
0°, 156°, and 30° sweep angle.

(2) More tests at the off hominal Mach 8 conditions are needed to show the
effect of Reynolds number variaticn, especially at lower Reync!ds

numbers where shear layers are laminzr.
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(3)

(4)

(5)

(6)

(7)

(8)

(9)

The test facility should have the capability of schlieren line of sight along
the cylinder axis at sweep angles of 15° and 30° to visualize the swept
shock wave interference patterns.

Freestream conditions should include higher Mach number and higher
enthalpy flow simulate the true environment of high Mach number flight
conditions and show the high temperature effects of dissociation.

Tests on a smaller diameter leading edge are needed to access various
effects which.are unclear at this timé. For example, effects in the jet
stagnation point such as Reynolds number scaling based on diameter,
viscous dominated shock layer, non-equilibrium flow, and non-continuum
flow may be determjned.

Future tests should study the effects of incident shock impingement on a
compound swept and diagonal leading edge which may represent a more
realistic shuck wave interference on the scramjet cowl.

Flight testing of a swept cow! leading edge m-odel on flight test vehicles
such as the Hypersonic Flight and Instrumentation Research Experiments
(HYFIRE) project will show effects of high Mach number flight. HYFIRE is
expected to reach Mach 16 fiight conditions using ground launched
missiles.

Development of a three-dimensional pressure-defiection-sweep diagram,
similar to the two-dimensional heart-diagram, may yield a more complete
understanding of the physics of various swept shock wave interference
patterns.

Three-dimensional computational fluid dynamics computer programs can

be validated using the results from this study.
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Finally, it is hoped that these experiments have contributed to a better

understanding of shock wave interference heating phenomena at hypersonic

A speeds. !
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Appendix A
METHOD OF HEAT TRANSFER RATE CALCULATION

Heat transfer rates on the swept shock wave interference model were
determined from the temperature-time histories of the thin-film constant current
platinum thermometers. Since the platinum film was fused to the (pyrex 7740)
substrate, it was assumed that the film behaved as a perfect conductor. Using
this assumption, the measured temperature-time histories of the gauges
equated to the surface temperature of the pyrex substrate. Furthermors, Wiating
has shown previously [9] that the pyrex behaves as a one-dimensional semi-
infinite solid whose backside temperature remains constant during the 15

millisecond shock tunnel test.

The Calspan heat transfer data reduction method is called the "Rae-Taulbee
method" and is based on the solution for one-dimensional h2at transfer with

variable thermal properties. Carslaw and Jaeger [67] express the equation as:

PCo %:tr_ = 337 (k%}) (A1)

This nonlinear equation is transformed to a linear heat eonduction equation by

the Kirchoff transformation [67] given by:

T
k
O(xt)m | ~=dT
TJ‘f krof (A2)

re
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Applying equation (A2) to (A1) and using the definition of thermal diffusivity,
a=k/pCp, equation (A1) is written as:

30 %
o0t (A3)

Likewise, Fourier's law of heat conduction,
q=-k %— ‘ (Ad)

is transformed using equation (A2) to give:
99
q=- kref ox (AS)

The solution of equation (A3) by an appropriate numerical technique to find
o(x,t) will yield the surface heat transfer rate by applying equation (AS5) at the
pyrex surface.

The thermophysical prdperties of the pyrex 7740 used in the Calspan

experiments have been measured over a range of temperatures and are given
by Miller [65) as:

k=1.51458 x 10-2- 5.90677 x 10-5 T + 1.81645 x 10-7 T2 W/ecm-K (A6a)

Cp=-8.54140 x 102 + 4,28391 x 10-3T - 5,74819 x 10-6 T2
+3.10468 x 10973 W-sec/g-K (A6b)
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with

p=2.227 g/cm3 = constant (A6c)

over the range of temperature (in degrees K) 297 K < T < 600 K. Thermal
diffusivity, a=a(¢), can be obtained at the appropriate temperature T(x,t)
corresponding to ¢=¢(x,t) using equations (A2) and (A6).

The basis for the heat transfer data reduction technique is given in the
discussion above. Specific details of the formulation used in the data reduction

computer program are discussed next.

The numerical solution of equation (A3) is performed in a stretched
coordinate system.using a finite difference scheme. The stretched coordinate
system is useful becavse variation of temperature in the pyrex occurs over a
uniform range for all times and regridding in the finite difference scheme is not

necessary [64]. The stretched coordinate system is given as:

"2 ot (A7)
t=t (A7b)
and therefore
¢ = ¢ [n(x.)z(t)] (A8)
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in the stretched coordinate system. Equation (A3) is transformed into the
stretched coordinate system given by equation (A7) and takes the form:

o P
o

man2+2n%¢l_-4t%p (A9)

A Crank-Nicolson finite difference formulation of the partial differential

equation given by equation (A9) was employed. The boundary condition at the
upper surface is given as:

T(x=0,t)
d(m=0,) -de (A10a)

ref

and at the rear surface the boundary condition is:

¢(n=51)=0 (A10b)

The initial condition is given by:

¢(n,t=0)=0 (A10c)

The Crank-Nicolson formulation of equation (A9) yields:
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1 3A1121 a 3] o j+1
%‘T +nanle, +b—3zr- 2514 ¢ (g -nanle,

|0, 8Ant j
R CRE LR R TCR B S

(A11)

where.the subscripts refer to space and the superscripts refer to time.

Equation (A11) is in the form:

IS I I 'S | jojet §
Ao, +Bo +Co, =D, (A12)

where the left-hand side involves values of ¢ at time j+1, and the right-hand side
involves ¢ at time j. The matrix of coefficients A, B, C, and D are a tridiagonial

system of equations, and Thomas' aigorithm [66] is used to solve this system of
equations. The solution takes the form:

R O R R
¢, =G +H ¢i:1 (A13)

where

1
m_ D-C8,
Gi = (A14a)

|
B+CH,

and
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(Ai4b)

Given the boundary condition at the upper surface, i = 1, which is known from

the temperature-timie history of the platinum thermometer, and the solution at
time step j, ¢ at time step j+1 is solved using equation (A14),

The procedure advances in time as follows: At the surface where i = 1 and at
time step j+1, !

TR T B R
¢, =G, +H ¢ (A15)

from equation (A13). Equation (A15) is always satisfied if

1 st
G, =0, (A163) :
{
and .
j1
H, =0 (A16b)

The solution for Gj,1 and H;,1 are advanced in space fromi=2, 3, 4, ..., I. Then
¢l+1 is solved in the opposite spatial direction, i. e,i=1I11,12,..3, 2, 1. The

. ;

I T Seraksian M ke

solution at the backside is known from the constant temperature wall condition,
equation (A10b), ¢;=0 for all time steps |.
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The heat transfer rate at the surface is obtained using equation (AS) which is
approximated by: g |
o0 t

PTG B o s . (A17)

2o - 2 |

Also, this solution procedure required an initial temperature profile for ¢ after the ‘
first time step, j=1. This was accomplished using an analytic solution.to the ‘
3
transient heat conduction equation with constant properties and a constant heat .

flux at the front surface. That solution is given by Cars!aw and Jaeger [67] and ‘
is repeated here for completeness. ,'
¢

2
29 otz Gar) x X

Tx)===[G) "o "pere (=)l (A18a) ]

;
where the surface heat flux was given as: —
b
kK[T(1,1)-T !
q= TN - Tyl (A18b) 1
2 (_a_t)'IIZ ]
“ {

s et TR
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Appendix B
SURFACE MEAT TRANSFER RATE AND PRESSURE TABULATION. .

Experimental data presented in this study are tabulated in this appendix.
The heat transfer rates and pressures are normalized by the values given as
Qo and pe, respectively, which are the calculated stagnation line values. The
angular position @ is the circumferential location on the instrumented cylinder
where the measurement was taken. These © values are tabulated in columns
2 and 7 in the tables for the heat transfer rate and pressure data, respectively.
The most negative © value is the lowest gauge position on the bottom of the
cylinder, and the most positive © is the most upper location. The
measurements which correspond to @ = 0° are at the stagnation line with
respect to the freestream fiow direction. Heat transte: rates are presented in
columns 4 and 5 and correspond to the © values in column 2. The heat
transfer rate values given in column 4, ghw/Qo, are the hot wall values which
correspond to the adjacent surface temperatures given in column 3; and the
values given in column 5, g/go, have been adjusted to a cold wall temperature
of 530°R. The exoerimental pressures presented in this study are given in

column 8 and correspond to the © values which are given in column 7 in the

tables.

126

- - e - v e

‘&

PEPN - W T e

£

-y - el

¥
3
!
¥

D U  TRAERAR s atld oI

ey W »



gauge

53
54
55
56
57
58
59
61

[+
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71

69
68
67
66
65
64
63
24

28
29
30
31
32
34
36
37
38
39
40
41
42

Experimental Data for Run 21

Ghw/Go

- [ L] *
UNNWYW-I

WINOUBE BB WWNN
badiad dhadh ol
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9.31

Heat Transfer Rate

Btu/Ate-sec

e -Tw

deg R.
-53.77 648.0
-50.72 657.7
-47.66 669.9
-44.61 676.8
-41.55 697.8
-38.50 709.4
-35.44 715.9
-29.33  751.5
-26.27 816.7
-26.,27 797.5
-25.47 816.7
-24.67 833.9
-23.87 872.8
-23.07 900.9
-22.28 925.4
-21.49 915.4
-19.88 1013.0
-19.58 1060.0
-19.08 1030.0
-17.67 1051.0
-16.71  1045.0
-15.76 1011.0
-14,80 928.7
-13.85 926.7
-12.89 889.3
-11.94 855.8
-8.12 720.2
-5.06 638.3
4.11 558.6
7.16 553.9
10,22 546.3
13.27 543.6
16.33 544.7
16.33 540.0
22,93 546.4
26.15 551.6
29,37 558.7
32,59 562.5
35,81 569.7
39.03 572.6
42,25 574.9
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10.98
12.25
14.30
12.58
21.91
27.36
23.81
25.80
24.62
20.56
13.43
2.7
12.62
8.23
3.95
2.09
0.46
0.29
0.17
0.17
0.12
0.12
0.29
0.53
0.80
0.88
1.07
1.15
1.14

gauge
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Pressure
po = 10.757
psia
e pP/Po
deg
-95.49 0.42
-66.85 1.67
-31.04 2.75
-21,49 6.33
-19.10 7.61
-16.71 6.61
-14.32 5.44
-11.94 2.41
-9.55 1.71
-7.16 0.93
~-4.77 0.69
7.16 0.11
14.32 0.06
21.49 0.09
28.65 0.13
35.81 0.23
50.13 0.24
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Experimental Data for Run 25

25 -37.65 700.5
28 ~-28.48 631.2

NOAVOOOUIFPDWNN

29 -25.43 629.8

31 =19.32 621.5

Heat Transfer Rate Pressure
Go = 41.532 po = 10.580
Btu/ft2-sec psia
gauge e - Tw gw/Go G/q0 @auge O
deg °R deg
53 -86.36 585.8 1.15 1.18
S5  -80.25 . 617.4 2.04 2,12
56 -77.20 637.4 2.39 2.51
57  -74.14 656.4 2.96  3.13
58  -71.08 673.8 3.39  3.61
59  -68.03 694.9  4.08  4.40
61  -61.92 755.7 5.15 5.71
62  -58.86  784.8 6.21  6.98
1  -58.,86  775.5 . 6.29  7.05
3 -57.26  1781.5 6.26  7.02
4 -56.46  824.1 7.50  8.60
5 -55.66  809.1 6.94  7.90
6 -54.87 817.6 7.36  8.42
7  -54.08  794.2 6.26  7.07
9 -52.47 804.6 7.04  7.99
10  -51.67 788.3 6.43  7.24
69  ~50.26  798.4 6.46  7.31
68 -49.30 801.8 6.42  17.28
67  -48.35 824.6  7.18  8.23
66  -47.39  776.6 5.70  6.38
65  -46.44 772.1 5.75  6.42
64 -45.48 767.5 5.53  6.17
24 -40.71 740.5 4.13  4.54
3.36  3.63
1.94  2.03
1.91  1.99
1.60 1.67
34 -16.26  619.1  1.47 1.52
36 -9.66  615.4 1.43  1.48
37 -6.44 618.6 1.45  1.51
38 -3.22 613.4 1.39 1.44
39 0.00 615.3  1.43  1.48
40 3.22 600.6 1.14  1.18
41 6.44 612.1 1.54  1.59
42 9.66  610.9  1.37  1.42
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Experimental Data for Run 26

4
Heat Transter Rate Pressure ]
Go = 42.653 Po = 10.556 v
Btu/ft2-sec psia
e Tw qmigo oo gauge © P/Po ‘
deg °R deg
-86.36 582.1 1.13 1.15 5 -99.43 0.24
-83.31 597.1 1.49 1.53 10 -63.63 1.98 ‘
-80.25 609.0 1.89 1.95 12 -54.08 3.10 :
-77.20 628.1 2.43 2.53 17 ~51.69 3.03 .
-74.14 647.6 2.96 3.11 13 -49.30 2.42
-71.08 664.7 3.48 3.68 18 -46.91 2.16 \
-68.03 676.0 3.73 3.97 14 -44.53 2.08 ’
-61.92 722.4 4.81 5.23 19 -42.14 1.68 :
-58.86 761.3 6.40 7.09 20 -37.36 1.40 4
-58.86 742.5 5.85 6.43 22 -25.43 0.96 !
-58.06 741.8 5.73 6.29 23 -18.27 0.94
-57.26 750.9 5.71 6.29 24 ~11.10 0.95
-56.46 766.7 6.65 7.39 25 -3.94 0.97 -
~55.66 780.9 7.26 8.12 26 3.22 0.89 f
-54,87 778.2 6.80 7.60 28 17.54 0.76
~-54,08 766.8 6.45 7.17
-52,47 7178.2 6.96 7.78
-51.67 776.8 6.82 7.61
-50.26 778.9 6.90 7.70
-49.30 784.9 7.13 7.99
-48.35 785.4 6.97 7.81
-47.39 772.2 6.41 7.14
-46.44 772.9 6.94 7.73 .
-45.48 769.7 6.77 7.54 .
-40.71 728.4 5.35 5.84 i
-37.65 710.7 4.41 4.77 o
-28.48 620.9 2.05 2.13 ;
-25.43 615.8 1.91 1.98 g
-19,32 605.9 1.67 1.73 4
-16.26  602.7 1.59  1.64 '
-9.66 596.5 1.38 1.42 N
-6.44 595.5 1.33 1.37 i l
-3.22 589.6 1.26 1.29 ;
0.00 588.2 1.19 1.22 ]
3,22 584.9 1.09 1.11 $
6.44 588.6 1.14 1.16 ‘
9.66 587.1 1.12 1.15 "3
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Experimental Data for Run 31

Heat Transfer Rate Pressure
Go = 42.747 Po = 10.636
Btu/fte-sec psia
gauge ) Tw gw/Go G/Go gauge © P/po
dg °R deg
53  -39.45 S66.7 0.85  0.86 1 -81.17 0.11 4
54 -36.39 S71.3 0.96 0.97 5 -52.52  0.40 5
55 -33.3¢ 572.2 0.97 0.99 9  -23.87 0.82 ?
$6 =-30.28 574.1 1.01  1.03 10 -16.71  0.85 :
57 -27.23  577.6 1.11 1.13 12 -7.16  0.91 |
58  -24.17 579.9 1.15  1.18 17 -4.77 0.91 s
59 -21.12 579.3 1.14  1.16 13 -2.39  0.93 -
61  -15.00 589.4  1.38  1.42 18 0.00 0.94 :
62 -11.95 587.9 1.38 1.41 14 2.39  0.90 4
1 -11.95 584.0 1.28 1.31 19 4.77  0.96 4
2 -11.15 586.8 1.37 1.40 15 7.16  0.94 .
. 3 -10.35 584.1 1.32 1.35 20 9.55  0.94 :
5 -8.75 586.3 1.36 1.39 22 21.49  0.84 o
9 -5.56 586.0 1.36 1.39 23 28.65 0.73 S
10 -4.76  587.0 1.39  1.42 24 35.81  0.63
68 -2.39  592.3 1.53 1.57 25 42.97  0.55
67 -1.43  591.6 1.45 1.49 26 50.13  0.42
66 -0.48  587.3 1.38  1.42 28 64.46  0.23 3
65 0.48 588.6 1.43  1.46 ;
64 1.43  587.8 1.43  1.46 :
24 6.21 587.5 1.40 1.43 N
29 21.49 582,8 1.26 1.28
31 27.60 577.4  1.12 1.14
34 30.65 575.2 1.06 1.08 ¥
36 37.26 570.8 0.94  0.95 s
37 40.47 570.2  0.99  1.00 :
38 43.69 564.7 0.79  0.80 ,
39 46.91 562.5 0.72 0.73
40 50.13  562.1 0.7t  0.72
41 53.35 557.9  0.61  0.61
42 56.57 556.6 0.57  0.57
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gauge

53
54
55
56
57
58
59
61

N
OB WNEN

71

70
69
68
67
66
64
24
25
28
29
31
32

Experimental Data for Run 59
Heat Transfer Rate Pressure
Qo = 40.837 po = 10.004
Btu/ft2-sec psia

e Tw gwdo Q/Go gauge ©. p/Po ,
dg  °R deg
-53.77 644.6  2.87 3.02 1 -95.49  0.43
-50.72 656.7 3.15  3.33 3 -81.17 0.96 :
-47.66 673.8 3.61 3.85 5 -66.85 1.61 A
-44.61 672.4 3.56 3.78 7 =52.52 @ 2.17 1
-41.55  688.3 3.95  4.24 9 -38.20 2.58
-38.50 691.7 4.34 4.66 10 -31.04  2.53 A
~35.44 713.9  5.06 5.4% 11 -26.26 3.19 '
-29.33 729.2 5.32 5.81 16  -23.87 6.01 ,
-26.27 793.8 8.33 9.40 12 -21.49  8.75 A
-26.27 787.3 7.86  8.84 17 -19.10 10.58 s
-25.47 802.5 8.55 9.68 13 -16.71 4.98 y
-24.67 841.3 10.58 12,22 18 -14.32 3.12 :
-23.87 866.7 11.86 13.88 14 -11.94 1.78 .
-23.07 920.8 15.24 18.34 19 -9.55  1.33
-22.28 921.7 14.76 17.77 15 -7.16 0.7
-21.49  897.5 12.58 14.95 20 -4.77 0.53
-19.88 950.5 18.01 22.02 21 .00  0.23
-19.58 970.6 18.05 22.30 22 7.16  0.09
-19.08 982.7 18.61 23.15 23 14,32 0.13
-18.62 953.0 15.50 18.98 24 21.49 0.24
-17.67 939.8 13.50 16.41 25 28.65  0.44
-16.71 922,5 11.36 13.68 26 35.81 0.49
~15.76 910.7 9.79 11.72 28 50.13  0.30

~-14.80 879.5 7.55 8.90
-12.89 836.8 4.96 5.71
-8.12 710.5 1.95 2.11
-5.06 645.5 1.22 1.28
4.11 560.3 0.30 0.30
7.16 557.1 0.20 0.20
13.27 553.1 0.20 0.20
16.33 556.6 0.40 0.41
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Experimental Data for Run 60

Heat Transfer Rate Pressure .

Go = 39.986 Po = 9.902 4o
Btu/fte-sec psia
gauge e Tw giw/Qo Q/go  gauge e P/po )
deg °R deg
53  -53.77 638.2 2.42 2.54 1 -95.49  0.44
54  -50.72  650.1 2.90  3.06 3  -81.17  0.90
55 -47.66  660.1  3.19 3,38 5 -66.85  1.58
56 -44.61  668.4 3.44  3.67 7 -52.52  2.19
57 -41.55° 672.9 3.78  4.03 10  -31.04 2.51
59  -35.44  702.3 4.03  4.36 11  -26.26  3.00 .
61  -29.33 724.2 5.22 5.7 16  -23.87  4.17 i
62 ~-26.27 779.4 6.91  17.76 12 -21.49  17.46 .
1 -26.27 746.5 6.29  6.96 17  -19.10  8.44 3
2 -25.47 752.2 6.88  7.62 13 -16.71  4.58 !
3 -24.67 774.6 7.78  8.72 18 -14.32  4.90
4 -23,87 799.0 8.88 10.07 14 -11.94  4.80
5 -23.07 836.7 10.78 12.47 19 -9.55  3.58 .
6 -22,28 831.9 11.39 13.14 15 -7.16  2.04
7  =21.49  840.3 11.96 13.85 20 -4.77 1.31
9 -19.88  880.7 14.36 16.99 21 0.00  0.53
71 -19.58 922.7 16.32 19.73 22 7.16  0.16
10  -19.08 934.5 17.52 21,32 23 14.32  0.07
70  -18.62  929.9 15.26 18.53 24 21.49  0.06 .
69  -17.67 950.4 14.84 18,22 25 28.65  0.14
68  -16.71 967.6 14.24 17.65 28 50.13  0.18

67 =15.76 946.6 12.55 15.38
66 -14.80 964.4 11,31 13.99
64 ~-12.89 963.6 10.27 12.69

24 -8.12 838.9 6.06 7.02 o
25 -5.06 733.7 3.15 3.46 B
28 4,11 580.1 0.72 0.74 ot
29 7.16 566.8 0.49 0.50 .
31 13.27 552.1 0.27 0.27 £
32 16.33 547.8 0.18 0.18 {
]
¢t
1
3
.
[ ]
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Experimental Data for Run 61

Heat Transfer Rate Pressure )
Qo = 39.825 po= 9.901
Btu/ft2-sec psia !

H
Tw amiGo Q/do gauge © P/Po
deg °R deg L
-68.10 592.5 1.23 1.26 1 -109.82 0.08 P
-65.04 590.9 1.07 1.10 3 -95.49 0.21 .
-61.99 613.0 1.35 1.40 5 -81.17 0.51 ,
-58.93 628.1 1.81 1.89 7 -66.85 0.84 -
-55.87 653.3 1.90 2.00 9 -52.52 2.22 0
-49.76 748.4  5.54 6.13 10 -45.36 3.26 3
-43.65 867.9 11.22 13.18 11 -40.58 5.84 o
-40.60 883.2 15.38 18.21 16 -38.20 6.57 9
-40.60 885.7 15.55 18.43 12 -35.81 5.50 ﬁl
-39,79 867.1 15.34 18.01 17 -33.42 3.71 '1
-39.00 861.0 14.80 17.32 13 -31.04 2.16
-38.20 842.5 14.33 16.61 18 -28.65 1.58 '
-37.40 837.8 12.54  14.50 14 -26.26 1.45 '
-36.60 783.5 9.77 10.99 19 -23.87 1.19
-35.81 780.8 9,01 10.12 15 -21,49 0.85
-34,21 749.4 7.7 8.61 20 -19.10 0.79 |
~33.90 737.4 7.01 7.71 21 -14.32 0.79 4
-33.40 750.5 7.30 8.07 22 -7.16 0.79 [
-32,95 725.9 6.65 7.27 23 0.00 0.82 i
-31.99 715.4 6.29 6.84 24 7.16 0.80 .
-31.04 702.0 5.52 5.97 25 14.32 0.84 ‘
-30.08 681.6 5.34 5.72 26 21.49 0.67 Y
-29,13 684.7 4.66 4.99 28 35.81 0.48 L
-27.22 671.5 4.61 4.90 F
-22.44  632.0 3.12  3.26 3
-19.39 621.1 2.45 2.55 .
-10,22 607.9 1.85 1.92
-7.16 626.8 2.95 3.08
-1,05 607.3 2,43 2.51
2.01 602.7 2,11 2.17
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Experimental Data for Run 66

Heat Transfer Rate Pressure ¥
Go = 30.216 pPo= 4.968 '
Btu/ft2-sec psia "
e Tw gw/Go Q/qo  gauge e p/Po
deg °R deg
-53,77 585.4 1.43 1.45 1 -95,49 0.30
-50.72 593.5 1.72 1.76 3 -81.17 0.75
-47.66 601.1 1.74 1.78 5 -66.85 1.56
-44,61 600.8 1.84 1.88 7 ~52.52 2.22
-41.55 600.5 2.14 2.20 9 -38.20 2.67 )
~38.50 598.9 1.92 1.97 10 -31.04 2.60
-35.44 602.2 1.92 1.97 11 -26.26 2.81
-29.33 605.8 2.13 2,19 13 -16.71 2.85
-26.27 597.8 1.74 1.78 18 -14.32 2.87
-26.27 587.4 1.55 1.58 14 -11.94 3.23
-25.47 591.1 1.77 1.81 19 -9.55 3.43
-24,67 595.2 1.74 1.78 15 -7.16 3.19 '
-23.87 583.2 1.07 1.09 20 -4.77 3.35
-23.07 598.8 1.73 1.78 21 0.00 3.26
-22.28 587.4 1.27 1.30 22 7.16 2.45
-21,49 593.4 1.83 1.87 23 14.32 1.63
-19.88 589.5 1.36 1.38 24 21.49 0.96
-19,58 597.6 1.64 1.68 25 28.65 0.54
-19.08 587.3 1.28 1.30 26 35.81 0.34
-18.62 594.1 1.73 1.77 28 50.13 0.06
-17.67 593.4 1.47 1.50
-16.71 579.4 1.03 1.05
-15.76 596.7 1.74 1.79 ;
-14.80 595.4 1.68 1.72 !
-12.89 605.6 2.08 2.14 ’
-5,06 609.0 2.55 2.62
4.11 601.3 2.00 2.05 H
7.16 600.7 1.92 1.97
13.27 595.3 1.77 1.81 , i
16.33 590.6 1.59 1.62
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Experimental Data for Run 67

Heat Transter Rate ‘ Pressure
Go=41.492 * po= 9.934 :
Btu/ft2-sec psia !
gauge © Tw  GQwigo Qo gauge ©  plpo L

deg R deg

53  =53.77 613.9 2.15  2.23 1 -95.49 0.23

54 -50.72 624.7 2.37 2.47 3 -81.17 0.64

55 -47.66 629.8 2.56  2.67 5 -66.85  1.40 .
56 -44.61 631.8 2.62 2.73 7 -52,52 1.99 §
57 -41.55  633.7 2.66  2.78 9  -38.20 2.43 {
58 -38.50 630.0 2.58 2.69 10 -31.04 2.45 o
59  =35.44 635.0 2.65 2.78 11  -26.26 2.66 F Y
61 -29,33 625.8 2.40 2.50 13 -16.71 2.80 i
62 -26.27 631.7 2.63 2.75 18 -14.32  2.76 b

1 -26.27 609.5 1.94 2.01 14 -11.94 3.04

2  -25.47  608.7 1.91  1.97 19 -9.55  3.19 i

3 -24.67  614.1  2.10 2.18 15 ~7.16 3.04 . .

4 -23.87 614.5  2.24 2.33 20 -4.77 3.17 ;

5 -23.07 624.0 2.61 2.72 21 0.00 3.09 v ¢

6 -22.28 615.2 2.16 2.24 22 7.16 2.33 }

7 -21.49 617.1 2.31 2.40 23 14.32 1.64 ’
7 -19.58 618.2  2.40 2.49 24 21.49 1.00 ]
10 -19.08 627.0 2.59 2,70 25 28.65 0.56 '
70 -18.62 617.0 2.22 2.30 26 35.81 0.11 :
69 -17.67 621.5 2.46 2.56 28 50.13 0.08 ;
68 -16.71 619.2 2.39  2.49 30 64.46 0.02 i
67 -15,76 624.9 2.51 2,61 o
66 -14.80 622.7 2.40 2.50
64 -12.89 630.2 2.67 2.78
24 -8.12 629.6 2.87  2.99
25 ~5.06 640.9  3.21  3.37
28 4.11 628.6 2.75  2.87
29 7.16 625.3 2.60 2.70
31 13.27 610.9  2.10 2.17
32 16.33 607.5 2.00 2.07
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Experimental Data for Run 68

Heat Transfer Rate Pressure _
Qo = 37.503 po= 9.130 |
Btu/t2-sec psia
e Tw  dgmido q/do gauge e P/Po ‘
deg R deg
-75.26  569.9  1.32  1.34 1 -116.98  0.12
-72.20 571.2  1.15  1.17 3 -102.65 0.34
-69.15 579.4 1.52  1.56 5 -88.33  0.77
-66.09  580.5 1.53  1.56 7 -74.01  0.89
-63.04 582.0 1.46 1.50 9 -59.68  1.35
-59.98  589.3 1.86 1.91 10  -52.52  1.44 .
-56.93  597.0 2.00  2.06 11 -47.75  1.59 |
-50.81  606.5 2.39  2.47 16 -45.36 1.68 .
-47.76  621.1 3,17  3.30 12 -42.97 1.66 i
-47.76  600.0 2.44  2.52 17  -40.58  1.82 '
-46.96  599.4 2.15 2.21 13 -38.20  1.85
-46.16  598.5  2.19  2.26 18  -35.81  2.13 ,
-45.36 594.8 1.79  1.85 14  -33.42  2.44 ,
-44,56  618.3 2,89 3,00 19 -31.04 2.81
-43.76  605.7 2.13  2.21 15  -28.65  2.62
-42,97  609.3 2.5  2.65 20 -26.26 2.91
-41.06  609.3  2.47  2.56 24 0.00  1.48 4
-40.%57  620.3 2.74  2.86 25 7.16  0.55 .
-40.11  605.0 1.88  1.94 26 14.32  0.08
-39.15  608.6 2.35  2.44 28 28.65  0.06
-38,20  608.3  2.34  2.42 30 42.97  0.08 :
-36.29  619.8 2,75  2.87
-34.38  623.8 2,90 3.03 .
-29.60  630.8 3,43  3.59
-26.55  647.6  3.93  4.15
-17.38  671.1  5.33  5.69
-14.32  692.5 6.84  7.38
-8.21  768.4 10.34 11.60
-5.16  759.1  8.80  9.82

|
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Experimental Data for Run 69 b
» . Heat Transter Rate Pressure ,
s Go = 40.636 Po= 9.841
, Btu/ft2-sec psia
f gauge € Tw qmide o/ gauge e p/Po |

dog °R deg

- 53 =53.77 622.7 2.87 2.98 1 -95.49 0.27
- 54 -50.72 642.2 3.62 3.80 3 -81.17 0.56
3 55 ~47.66 646.7 3.91 4.11 5 -66.85 1.11
56 =44.61 654.2 4.44 4.69 7 -52.52 1.67
57 -41.55 654.4 4.37 4.61 10 =31.04 3.90
58 -38.50 654.3 3.86 4.08 11 ~26.26 7.42
59 -35.44 694.0 4.81 5.17 16 -23.87 2.62
61 -29.33 813.6 11.13 12.68 12 -21.49 3.34
62 -26.27 823.7 15.20 17.40 17 -19.10 1.09
1 -26.27 756.9 10.93 12.11 13 =16.71 0.76
2 -25.47 724.6 9.06 9.88 18 =14.32 0.39
3 -24.67 714.1 8.31 9.02 14 -11.94 0.45 .
4 -23.87 687.6 7.28 7.81 19 -9.55 0.36 -
5 =-23.07 671.9 6.00 6.38 15 =7.16 0.31
6 ~22.28 643.8 4.92 5.17 20 -4.77 0.43
7 -21.49 637.0 4.34 4.54 21 0.00 0.66
9 -19.88 615.8 3.22 3.34 22 7.16 0.81
n -19.58 609.4 2.97 3.07 23 14.32 0.65
10 -19.08 613.7 3.08 3.19 24 21.49 0.55
70 -18.62 601.0 2.44 2.52 25 28.65 0.49
69 ~17.67 594.9 2.20 2,26 26 35.81 0.32
68 =16.71 587.0 1.83 1.87 28 50.13 0.24 ,
67 =15.76 589.0 1.84 1.89 30 64.46 0.14

€6 -14.80 576.7 1.32 1.34
64 -12.89 583.1 1l.48 1.51

. oy AT

24 -8.12. 564.7 0.62 0.63
25 =5.06 573.1 0.66 0.67
28 4.11 600.0 2.28 2.35
29 7.16 603.1 2.53 2.61

31 13.27 597.1 2.31 2.38
32 16.33 593.1 2.12 2.17
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Experimental Data for Run 70

Heat Transfer Rate Pressure _ _
Go = 40.169 po= 9.636 oy
Btwft2-sec psia
gauge e Tw gw/Qo g~ gauge e P/Po ‘
dg __ °R deg
53 -75.26 601.1 1.85 1.91 1 -116.98 0.07
54 -72.20 607.7 2.04 2.11 3 -102.65 0.19
55 -69.15 617.9 2.58 2.68 5 -88.33 0.51
56 -66.09 625.6  2.57 2.68 7 -74,01. 1.01
57 -63.04 629.1 2.86 2.98 9 -59.68 1.28
58 -59.98 626.6 2.98  3.10 10 -52.52 1.07 ,
59 -56.93 625.5 3.06 3.19 11 -47.75 0.99 R |
61 ~-50.81 608.1 2.16 2.23 16 -45.36 1.06 ,
62 -47.76 593.9 1.73 1.77 12 -42.97 1.09 .
1 -47.76 578.5 1.24 1.27 17 -40.58 1.31 \
2 -46.96 576.3 1.19 1.21 13 -38.20 0.98
3 -46.16 578.2 1.33 1.35 18 -35.81 0.86
4 -45.36 574.4 1.10 1.11 19 -31.04 1.12 ,
5 -44.56 579.9 1.47 1.50 15 -28.65 1.08 !
6 -43.76 575.7 0.99 1.01 20 -26.26 1.03
7 -42.97 571.4 1.04 1.05 21 -21.49 1.16
9 -41.37 569.8 0.86 0.87 22 -14.32 1.01 {
71 -41.06 574.5 0.96 0.97 23 -7.16 0.99
10 -40.57 572.5 1.09 1.11 24 0.00 0.98
70 -40.11 572.2 0.88 0.90 25 7.16 0.93
69 -39.15 572.8 0.97 0.99 26 14.32 0.86
68 -38.20 571.8 1.03 1.05 28 28.65 0.65
67 -37.24 571.1 0.85 0.87 30 42,97 0.19 :
66 -36.29 575.1, 1.06 1.08 ;
64, -34.38 574.3 1.00 1.02 i
24 -29.60 565.0 0.65 0.66 |
25 -26.55 574.5 1.01 1.03 - '
28 -17.38 569.0 0.81 0.82
29 -14.32 572.1 0.96 0.98
31 -8.21 571.1 0.92 0.94 \
32 -5.16 570.4 0.89  0.90 :
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Experimental Data for Run 71

Heat Transfer Rate Pressure L

Go = 37.812 po= 8.834
Btu/ft2-sec psia
gauge © Tw Qw/Go. /G0 gauge 4 P/Po
deg °R deg
53 =75.26 574.3  0.89  0.90 1 -116.98  0.04
54 -72.20 585.0 1.10 1.12 3 -102.65 0.11
55 -69.15  597.8  1.20 1.24 5 -88.33  0.29
56 -66.09  610.7 1.43  1.47 7  -74.01  0.58
57 -63.04 630.6 2.04  2.13 9  -59.68  1.48
58  -59.98  652.3 2.88  3.04 10 -52.52  3.01
59  -56.93  692.5 4.24  4.55 11 -47.75  4.64
61  -50.81  743.3 6.16  6.78 16 -45.36  6.05 !
62  -47.76  174.2  9.52 10.64 12 -42.97 6.41 :
1 -47.76  772.1  9.77 10.91 17  -40.58  4.92 :
2  -46.96 774.8 10.49 11.73 13 -38.20  3.62 ,
3 -46.16  781.2 11,23 12.59 18  -35.81  2.35 .
4 -45.36  780.9 11.30 12.67 14  -33.42  2.03
5 -44.56  788.5 12.24 13.77 19  -31.04 1.50
6 -43.76  769.9 11.41 12.72 15  -28.65  1.22
7 -42.97  763.9 11.06 12.29 20 -26.26 1.01
9 -41.37 741.3  9.72 10.69 21 -21.49  0.89
71 -41.06  743.4 10.19 11.22 22  -14.32  0.88
10  =-40.57  750.3 10.39 11.47 23 -7.16  0.85
70 -40.11  733.4  9.53 10.44 24 0.00  0.88 .
69  -39.15  722,9 8.76  9.54 25 7.16  0.92 ‘
68  -38.20 714.2  8.20  8.89 26 14.22  0.76 )
67 =37.24 713.2 8.11  8.79 28 28.65  0.84 '
66  -36.29 703.2  7.37  7.95 30 42.97  0.45 ‘
64  -34.38  687.0 6.43  6.89
24 -29.60 638.5  4.13  4.32 '
25  -26.55  626.1  3.24  3.37 '
. 28 -17.38  598.7 1.91  1.96 H
29 -14.32 598.4 1.94  1.99 oA
31 -8.21  593.2 1.71  1.75 ;
32 -5.16  594.6  1.79  1.84 |
U
3
B
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Experimental Data for Run 72

Heat Transfer Rate Pressure Y
Go = 47.949 Po = 12.749
Btufie-sec psia
gauge © Tw ghw/Qo G/qo  gauge e P/po
deg °R deg

53 -75.26 594.8 1.21 1.24 1 -116.98 0.03
54  -72.20 612.4 1.51 1.57 3  -102.65 0.09
55 -69.15 634.7 2.05 2.14 5 -88.33 0.24
56 -66.09 651.5 2.37 2.49 7 -74.01 0.54 '
57 -63.04 676.5 3.09 3.29 9 -59.68 1.86 .
58 -59,98 699.4 3.96 4.26 10 -52.52 3.18 |
59 -56.93 747.8 5.98 6.57 11 -47.15 4.58
61 -50.81 802.9 9.19 10.37 16 -45.36 5.01
62 -47.76 808.8 10.31 11.66 12 -42,97 4.77
1 -47.76 804.5 9.26 10.45 17 -40.58 4.93
2 -46.96 802.9 9.63 10.87 13 -38.20 2.40 ,
3 -46.16 800.9 9.40 10.59 18 -35.81 1.94 .
4 -45,36 795.8 8.58 9.65 14 -33.42 1.62
5 -44.56 810.5 9.32 10.55 19 -31.04 1.38
6 -43.76 781.8 8.17 9.13 15 -28.65 1.16 .
7 -42.97 773.2 7.61 8.47 20 -26.26 1.02
9 -41.37 748.8 7.21 7.93 21 -21.49 0.97
71 -41.06 752.3 7.02 7.73 22 -14.32 0.85
10 -40.57 750.7 6.74 7.41 23 -7.16 0.88
70 -40.11 743.4 6.81 7.47 24 0.00 0.87
69 -39,15 735.9 6.58 7.20 25 7.16 0.91
68 -38.20 731.4 6.30 6.87 26 14.32 0.70
67 -37.24 719.0 5.63 6.10 28 28.65 1.07
66 -36.29 709.3 5.52 5.96 30 42.97 0.42
64 -34.38 694.4  5.03  5.39 ¢
24 -29.60 651.1 3.42 3.60 ’
25 -26.55 636.2 2.87 3.00
28 -17.38 614.7 2.15 2.22
29 -14.32 610.7 2.08 2.14 .
31 -8.21 606.9 1.90 1.96 .
32 -5.16 606.1 1.96 2.02 :

BN O A
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Experimental Data for Run 73

Heat Transfer Rate Pressure 5
Go = 27.539 po= 4.662
Btu/fte-sec psia
e Tw gw/Ge GQ/Go gauge e p/Po
deg °R deg

-75.26 564.6 1.00 1.01 1 -116.98 0.03
-72.20 572.3 1.41 1.44 3 -102.65 0.11
-69.15 583.7 1.97 2.01 5 -88.33 0.29
-66.09 593.8 2.50 2.56 7 -74.01 0.74
-63.04 607.9 3.12 3.22 9 . =59.68 2.48
-59,98 616.0 3.79 3.93 10 -52.52 3.51
-56.93 640.1 5.06 5.30 11 -47.75 3.94 <
- 61 -50.81 669.2 6.96 7.40 16 -45.36 3.89 :
: 62 -47.76 674.9 7.36 7.85 12 -42.97 3.98
gg 1 -47.76 670.3 6.61 7.03 13 -38.20 2,22
o 2 -46.96 662.3 6.23 6.60 18 -35.81 1.69
= 3 -46.16 663.6 6.01 6.38 14 -33,.42 1.59 R
4 -45.36 660.1 5.63 5.96 19 -31.04 1.47
5 -44.56 667.2 6.05 6.42 15 -28.65 1.13
6 -43.76 659.6 5.77 6.11 20 -26.26 1.06
7 -42.97 654.9 5.35 5.65 21 -21.49 1.04
9 -41.37 644.6 4.83 5.08 22 -14 .32 0.95
71 -41.06 649.8 5.15 5.42 23 -7.16 0.93
10 -40.57 648.5 5.04 5.31 24 0.00 0.91
70 -40.11 646.0 4.93 5.19 25 7.16 0.94
69 -39.15 642.4 4.84 5.08 26 14.32 0.74
68 -38.20 640.0 4.64 4.87 28 28,65 0.29
67 -37.24 635.7 4.31 4.51 30 42,97 0.45
66 ~36.29 628.5 4.02 4.19 :
64 -34.38 622.0 3.75 3.90
24 -29,60 601.3 2.73 2.81 '
25 ~26.55 588.6 2.17 2.22 '
28 -17.38 574.4 1.71 1.74 !
31 -8.21 571.1 1.53 1.56
1.48 1.50

- 32 -5.16  570.5

j
)
i
:
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Experimental Data for Run 74
Heat Transfer Rate Pressure
Go =.38.603 po= 9.203
Btu/fte-sec psia
gauge © Tw  dmige o/go . gauge e P/po
deg R deg
54 -72.20 547.3  0.29  0.29 1 -116.98 0.01
55 -69.15 549.2.. 0.32.. 0.32 3  -102.65 0.03
56 -66.09. S51.5  0.36 0.37 5 -88.33  0.07
57 -63.04 553.4 0.41 0.41 7 -74.01 0.16
58 -59.98 554.8 0.47 0.47 9 -59.68 0.31
59 -56.93 558.5 0.53 0.54 10 -52.52 0.36
61 -50.81 560.5 0.58 0.59 11 -47.15 0.44 .
62 -47.76 558.9 0.56 0.57 16 -45.36 0.58
1 -47.76 558.0 0.50  0.S0 12 -42.97 0.61
2 -46.96 558.9 0.54 0.54 17 -40.58 0.66
3 -46.16 558.6  0.52 0.53 13 -38.20 0.57
4 -45.36 559.8 0.60 0.60 18 -35.81 0.63
5 -44.56 561.9 0.61 0.62 14 -33.42 0.68
6 -43.76 560.8 0.57 0.58 19 -31.04 0.82
7 -42.97 560.6 0.60 0.61 15 -28.65 0.77
9 -41.37 560.9 0.58 0.59 20 -26.26 0.87
71 -41.06 565.9 0.70 0.71 21 -21.49  0.95
10 ~40.57 564.9 0.71 0.72 22 -14.32 0.92
70 -40.11 565.1 0.69  0.70 23 -7.16 0.96
69 -39.15 565.6 0.68  0.69 24 0.00 0.99
68 -38.20 566.3 0.72 0.73 25 7.16 1.09
67 -37.24 568.3 0.74 0.75 26 14.32 0.93
66 -36.29 568.6 0.76  0.77
64 -34.38 570.0 0.78 0.79
24 -29.60 569.4 0.80 0.81
25  -26.55 572.6 0.83  0.84
28 -17.38 573.7 0.91 0.92
29 -14.32 576.4 0.94 0.96
31 -8.21 577.6 0.97 0.99
32 -5.16 579.0 0.96  0.98
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Experimental Data for Run 75

; Heat Transfer Rate ‘ Pressure g
: Qo = 35.897 po= 7.816 *
Btuft2-sec psia
gauge © Tw aw/Ge QG0 gauge e p/po
deg °R deg ‘
53 -53.77 647.3  3.65  3.84 1 -95.49  0.31
54 =-50.72  662.8 4.06  4.30 3  -81.17  0.66
55  -47.66  671.8  4.39  4.68 5 -66.85 1.32
56 -44.61  683.3 5.06  5.42 7 ~-52.52  2.01
57 -41,55  690.8  5.38  5.79 9  -38.20 2.48
58  -38.50 694.8  5.50  5.92 11  -26.26  5.63 )
59 -35.44  722.1  6.39  6.98 16  -23.87  4.20
61  -29.33  813.9 11,06 12.65 12 -21.49  3.50
62  -26.27  838.6 13,51 15.65 17  -19.10 1.52
1 =-26.27  790.2 10.89 12.30 13 -16.71  0.78
2] 2  -25.47  775.7  9.50 , 10.65 18 -14.32  0.54
: 3 -24.67 767.1  8.63  9.63 14  -11.94  0.50 .
; 4 -23.87 757.2 8.32  9.24 19 -9.55  0.51 '
; 5 -23,07 742.4 6.86 7.56 15 -7.16  0.46
! 6 -22.28 719.4 5.62  6.13 20 -4.77  0.64
3 7 =21.49  708.8 5.20  5.63 21 0.00  0.82 4
4 10  -19.08 660.5  3.37 3.57 22 7.16  0.89
b 70 -18.62  642.2 2.66  2.79 23 14.32 0.71
8 69  -17.67  629.8 2,27  2.37 24 21.49  0.62
! 68  -16.71  617.9  1.99  2.07 25 28.65  0.58
) 67 ~-15.76  610.3  1.87 1.94 26 35.81  0.41
| 66  -14.80  599.2 1.54  1.59 28 50.13  0.26
J 64  -12.89  588.7 1.27  1.30 30 64.46  0.15
5 24 -8.12  566.5 0.76 0.77 ,
% 25 -5.06 576.8  0.87  0.89 }
! 28 4.11  603.7 2.50  2.58 '
b 29 7.16  606.4 2.55  2.63
| 31 13.27  600.4 2.01  2.07 !
i 32 16.33  595.0 1.73  1.77
; . ;
#] '
: i
3 $
]
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Experimental Data for Run 76

Heat Transfer Rate
Qo = 35.467
Btu/ft2-sec
e Tw qhw/Go
deg R
-53.77 625.4 2.63
-50.72 634.7 3.01
-47.66 642.8 3.29
-44.61 649.7 3.44
-41.55 656.3 3.85
-38.50 658.2 3.82
-35.44 666.1 4.12
-29.33 672.8 4.33
-26.27 658.9 3.90
-26.27 647.5 3.47
-25,47 646.4 3.48
-24.67 651.4 3.73
-23.87 651.2 3.66
-23.07 666.7 4.08
-22,28 656.5 3.84
-21.49 661.4 3.99
-19.58 663.0 4.08
-19,08 665.7 4,20
-18.62 660.5 4.08
-17.67 662.5 3.96
-16.71 664.3 4.15
-15.76 670.0 4.28
-14.80 665.4 4,09
-12,89 672.2 4.42
4,11 628.6 3.20 °
7.16 619.1 2.69
13.27 583.5 1.62
16.33 561.7 0.58
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gauge

Pressure

po= 7.664

psia

e
deg

-95.49
-81.17
-66.85
-52.52
-38.20
-31.04
-26.26
-16.71
-14.32
-11.94
-9.55
-7.16
-4.77
0.00
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14.32
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28.65
35.81
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- : Heat Transfer Rate Pressure N
: Qo= 35.129 po= 7.837
Btuwfte-sec psia
L gauge © Tw Gw/o QG0 gauge = © p/Po
» deg R deg
53 . =53.77 628.4 3,72 3.90 1 -95.49 0.37
S54. .. =50.72 619.5 3.32 3.47 3 -81.17 0.84
- 55 -47.66 604.8 2.90 3.00 5 -66.85 1.61
, 56 -44.61 604.6 2.72 2.81 7 -52.52 1.37
57 -41.55 588.5 2.31 2.37 9 -38.20 0.98 ;
58 -38.50 583.6 1.90 1.95 10 -31.04 0.90
59 -35.44 584.5 1.74 1.78 11 -26.26 0.87
61 -29.33 573.1 1.59 1.62 16 -23.87 1.08 .
62 -26.27 558.7 0.90 0.91 12 -21.49 1.16
1 -26.27 556.3 0.87 0.88 17 -19.10 1.15
- 2 ~25.47 557.2 0.98 0.99 13 -16.71 0.92
3 -24.67 557.4 0.96 0.97 18 -14,32 0.95 '
4 -23,87 557.8 0.79 0.80 14 -11.94 1.01
5 -23.07 566.1 1.09 1.11 19 -9.55 1.02
6 -22.28 559.8 0.92 0.94 15 ~7.16 0.97
7 -21.49 560.6 0.89 0.90 20 -4.77 0.97
9 -19.88 563.2 1.04 1.06 21 0.00 1.06
71 -19.58 566.4 1.11 1.12 22 7.16 0.90
10 -19.08 564.7 1.15 1.16 23 14.32 0.81
70 -18.62 564.4 1.14 1.16 24 21.49 0.76 '
69 -17.67 565.5 1.06 1.07 25 28.65 0.72
68 -16.71 565.9 1.17 1.19 26 35.81 0.55 ‘
66 -14.80 567.2 1.09 1.11 28 50.13 0.34 :
64 -12.89 566.4 1.06 1.08 30 64.46 0.20 ‘
24 -8,12 563.2 1.08 1.10
25 -5.06 567.2 1.05 1.07 !
28 4,11 562.9 0.95 0.96 1
29 7.16 562.6 1.00 1.02 A
31 13.27 561.1  0.91  0.92 {
32 16.33 559.8 0.85 0.86 -
;
»

Experimental Data for Run 77
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Experimental Data fdr Run 78

Heat Transfer Rate . Pressure
Go = 35.483 Po= 7.763
Btu/fte-sec psia

gauge © Tw gw/Go Qo gauge e
deg °R deg

53 =53.77 684.9 3.18 3.41 1 -95.49
54 =50.72 706.7 3.78 4.11 3 -81.17
55 ~47.66 716.7 3.88 4.23 5 -66.85
56 =-44.61 726.0 4.29 4.70 7 -52.52
57 -41.55 741.9 ... 4.93 5.45 9 -38.20
58 -38.50 744.1 4.90 5.43 10 -31.04
59 =35.44 759.2 5.25 5.86 11 -26.26
61 -29.33 767.3 5.35 6.00 16 -23.87
62 -26.27 785.3 6.50 7.35 12 -21.49
1 =-26.27 - 751.7 5.62 6.24 17 -19.10
2 -25.47 754.7 5.74 6.38 13 -16.71
3 =24.67 763.2 5.94 6.63 18 -14.32
4 ~-23.87 772.7 6.27 7.04 14 -11.94
5 =23.07 791.8 6.85 7.76 19 =9.55
6 -22.28 778.4 6.69 7.54 15 ~-7.16
7 =21.49 792.8 7.54 8.55 20 -4.77
9 -19.88 816.1 8.88 10.19 21 0.00
71 ~19.58 845.2 10.46 12.20 22 7.16
10 ~19.08 841.6 10.18 11.85 23 14.32
70 -18.62 866.8 11.73 13.83 24 21.49
69 =-17.67 879.9 12.20 14.49 25 28.65
68 =-16.71 £88.0 12.02 14.33 26 35.81
67 =15.76 902.6 12.17 14.64 28 50.13
66 -14.80 887.8 10.75 12.82 30 64.46
64 -12,89 858.2 7.06 8.28
24 -8.12 800.5 .16 4.74
25 -5.06 742.1 2.09 2,31
28 4.11 597.7 0.38 0.39
29 7.16 575.9 0.27 0.27

31 13.27 561.8 0.47 0.48
32 16.33 564.9 0.80 0.81
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. Experimental Data for Run 79

-
- Heat Transfer Rate ’ Pressure \
Qo= 41.587 Po= 9.934
BtuMte-sec. . . psia
gauge O Tw Gmwido QG0  gauge @ . plpo
deg R deg .
53 -53.77 654.8  3.65  3.85 1 -95.49  0.27
5S4 ~50.72 674.3 4.60  4.91 3 -81.17 0.60
S5  -47.66  690.1  5.32  5.71 5 -66.85  1.18
56 -44.61  701.7 5.68  6.14 7 -52,52  2.13
57 -41.55 717.1  5.55  6.04 9  -38.20 2.03 )
58  -38.50 713.7 5.45  5.93 16  -23.87  4.63 ‘
59  -35.44  729.3  6.08  6.66 12  -21.49  3.86
61  =-29.33  838.9 14.82 17.13 17  -19.10  1.88 '
62  -26.27  903.7 16.62 19.87 13 -16.71  0.88
1 -26.27 849.2 10.00 11.62 18 -14.32  0.58
2  -25.47 832.0 8.41  9.69 14  -11.94  0.44
3  -24.67 824.1  7.14  8.19 19 -9.55  0.49 '
4 -23.87 797.0 5.48  6.21 15 -7.16  0.41
5 -23.07 797.4 5.38  6.09 20 -4.77  0.75
6 -22.28 765.2 4.19  4.67 21 0.00 1.10
7 =21.49  754.1  3.94  4.36 22 7.16  0.86
9 -19.88  700.6  2.87  3.10 23 14.32  0.70
71  -19.58  692.0 2.81  3.02 24 21.49  0.63
! 10  -19.08  693.3  2.87  3.09 25 28.65  0.63
- 70 -18.62  674.0 2.40  2.56 26 35.81  0.50
£ 69  -17.67  654.3 2,15 2,27 28 50.13  0.29
= 68  -16.71  640.6 1.99  2.09 30 64.46  0.16 .
f 67  -15.76  630.3 1.80 1.88 C
- 66  -14.80 615.5 1.58  1.64 o
: 64 -12.89  601.3 1.26  1.30 N
3 24 -8.12 578.2 1.08 1.11 :
v 25 -5.06 587.0 1.76  1.81 9
: 28 4.11  618.3 2,90 3.01 3
29 7.16  622.2  2.67  2.78 o
31 13.27  607.3  1.85  1.92 |
32 16.33  601.8 1.85 1.91 1 ;
'
\
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Experimental Data for Run 80 4
]
Va
Heat Transfer Rate Pressure i
Go = 22.400 po= 3.510 i
Btuft2-sec psia L
e Tw Qqwigo oGo gauge 6 P/po
deg R deg
-53.77  598.3 2,53  2.61 1 -95.49 0.29 o
-50.72  610.6 3.07  3.18 3 -81.17 0.51 b
-47.66  611.7 3,09  3.21 5 -66.85 0.73 |
-44.61  616.4 3.20  3.33 7 -52.52 1.85 '
-41.55  624.3  3.43. 3.59 9  -38.20 2.50 .
-38.50 629.4 3.82 4.01 10  -31.04  2.47 L
-35.44  638.4  4.37 4.60 11  -26.26  '3.85 :
-29.33 651.4 4.17  4.42 16  -23.87 17.87 i
-26.27 709.4 6.60 7.21 12 -21.49 8.77 ‘
-26.27 692.2 5.24  5.67 17 -19.10 6.77 L
-25.47  700.8  6.12  6.65 13 -16.71  3.61 o
-24.67  715.5 7.36  8.06 18 -14.32  1.62 <
-23.87 716.3  7.92  8.68 14  -11.94 1.01 :
-23.07 724.2 9.58 10.54 19 -9.55  0.52 :
-22.28  715.6  9.67 10.59 15 -7.16  0.38 ’
-21.49  714.9 10.46 11.46 20 -4.77  0.38 §
-19.88  689.8  9.96 10.76 21 0.00  0.37 ;
-19.58  686.5 10.33 11.15 22 7.16  0.52 ;
-19.08  693.0 10.59 11,47 23 14.32 0.78
-18.62  671.5 9.21  9.86 24 21.49  0.77 ,
-17.67  655.9  8.70  8.49 25 28.65  0.63 ;
-16.71  643.3  7.0.  7.45 26 35.81  0.45 :
-15.76  630.7 6.10  6.40 28 50.13  0.26 :
-12.89  593.5 3,28  3.38 30 64.46  0.16 '
-8.12  559.3 1.37 1.39
-5.06 555.2 0.85  0.86
4.11  557.2 0.57 0.58
7.16  564.7 0.62  0.63
13.27 578.9 1.74 1.78

16.33 578.5 2.17 2,22
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Experimental Data for Run 81

Heat Transfer Rate Pressure f
Go = 35.861 Po = _7.800 :
Btu/ft2-sec psia J
{
gauge € Tw  Qmwico QG0  gauge e P/Po :
deg °R deg i
!
53  -53.77  551.4  0.47  0.47 1  -95.49  0.05 4
54. -50.72  555.4 0.60  0.60 3  -81.17  0.09 !
55  -47.66  555.2  0.61 0.6l 5 -66.85  0.22 ,
56 -44.61  558.2  0.70  0.70 7 -52.52  0.37
57  -41.55  562.7 0.86  0.87 9  ~38.20 0.58
S8  -38.50 568.6 1.02  1.03 1. -31.04 0.61
62  -26.27 572.4 1.17 1.19 11 -26.26  0.72
1 -26.27 564.4 0.97 0.98 16 -23.87 0.91
2 -25.47 565.4 1.02 1.03 12 -21.49  0.98
.3 -24.67 565.4 1.01  1.03 17 -19.10  0.95 ,
4 -23.87 566.1 1.04 1.05 13 -16.71  0.80 4
§ -23.07 $66.0 0.99  1.00 18  -14.32  0.85
6 -22.28 566.0 0.99  1.00 14  -11.94  0.88
7 -21.49  565.9  0.97  0.98 19 -9.55  1.02
9 -19.88  566.5 0.97  0.98 15 -7.16  0.95
71 -19.58  576.0  1.38  1.40 20 -4.77  1.02
10 -19.08 569.5 1.11  1.13 21 0.00  1.07
70  -18.62  574.7 1.29 1.31 22 7.16  0.94
69  -17.67  573.3  1.24  1.26 23 14.32  0.92
- 68  -16.71  572.6 1.20 1,22 24 21.49  0.87 '
= 67  -15.76  572.9  1.18  1.20 25 28.65  0.85 !
- 66  -14.80  573.8 1.23 1,25 26 35.81  0.65
64  -12.89  575.4 1.25 1.27 28 50.13  0.42
24 -8.12  572.8 1.12 1.14 30 64.46  0.26
28 4.11  572.4  1.07 1.08
29 7.16  571.5 1.09 1.11
31 13.27  572.3  1.18  1.20
32 16.33  572.7 1.22 1,24
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Experimental Data for Run 98

Heat Transfer Rate Pressure
Go = 34.551 Po= 7.552
Btuft2-sec psia
Tw  amw/ido @Ggo gauge e P/po
deg °R deg
-53.77  626.9 3.48  3.64 1 -95.49  0.29 |
-50.72  637.8  4.05  4.26 5 -66.85 1.28 P
-47.66  650.2 4.93 5.21 7 -52.52 2,05 £
-44.61  651.4 5.11  5.41 9  -38.20 2.63 ‘
-41.55  678.2  4.99  5.36 10 -31.04  7.00 2
-38.50  707.4  5.10  5.55 11 -26.26  4.10
-35.44 M1.2 4,70  5.13 16  -23.87  2.04
-29.33  801.3 15.53 17.74 12 -21.49 1.82
-26.27  702.3  9.36 10.17 17 -19.10  1.00
-26.27 648.1 5.64 5.96 13 -16.71  0.51
-25.47  628.8  4.67  4.89 18 -14.32  0.49
-24.67  625.5 4.38  4.58 14  -11.94  0.52 '
-23.87  616.3  3.66  3.82 19 -9.55  0.72
-23.07  611.4  3.17  3.29 15 ~7.16  0.60
-22.28  595.1  2.57  2.65 20 -4.77  0.94 j
-21.49  589.2 2.30 2.36 21 0.00  1.00
-19.88  578.4  1.87  1.92 22 7.16  0.81
-19.58  583.2 1,98  2.03 23 14.32  0.67
-19.08  579.4 1,81  1.85 24 21.49  0.63
-18.62  582.4 1.95  2.00 25 28.65  0.58
-17.67  578.1 1.70 1.74 26 35.81  0.48
-16.71  574.0 1.42  1.45 30 64.46  0.16 ‘
-15.76  574.8  1.40 1.42
-12.89  572.2 1.21  1.24 {
-8.12  570.0  1.00 1.02 '
-5.06  615.5 2.35  2.45
4.11  s588.0 2.32  2.38 $
7.16  584.2 2.09 2.14 4
13.27  580.3 1.75 1,79 .
|
)
f 3
: ‘ »
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